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INTRODUCTION 


Since February 28, 1947 six members of the Phys- 
ical Studies Group ofthe General Electric Research 
Laboratory have been participating in a research 
project related to basic problems in cloud physics. 
This project has had the joint sponsorship of the 
Army Signal Corps, the Office of Naval Research, 
andthe Air Forces, theSignal Corps having assumed 
the active contract negotiations which resulted in the 
establishment of Contract W-36-039-sc-32427. 


For more than four years previous to the above 
date, a considerable amount of research was con- 
ducted by some of this group inthe field of the pro- 
duction of artificial fogs, precipitation static, and 
the icing of aircraft, This was done partly under 
government sponsorship through NDRC, Army 
Chémical Corps, and Air Forces and partly as a 
Research Laboratory activity. Various reports and 
papers were published during the course of these 
studies(1).. 


Inordertoassurea reasonable amount of freedom 
from delays and other complications in carrying out 
the research activities under the project, especially 
with reference to the flight operations,a Technical 
Steering Committee was created shortly after the 
formal contract signing to co-ordinate the partici- 
pation of the three services in the project. This 
originally included a representative and his alter- 
nate from the Signal Corps, the Office of Naval Re- 
search, and the General Electric Company. This 
membership arrangement was subsequently revised 
to give the Air Forces equal representation on the 
Committee while the General Electric representa- 
tives were removed from formal membership but 
retained as active consultants. 


Shortly after formal sponsorship of the present 
project was arranged, it was decided by the Steering 
Committee that work under the project should be 
divided into two basic activities. These would con- 
sist of (1) flight operations and (2) research activi- 
ties. It was proposed that the flight operations should 
be under the direction of an Operations Group made 
up of representatives of the Army, Navy, Air Forces, 
andthe General Electric Group. Subsequently, this 
group membership was revised to include only the 
representatives ofthe three military services. The 


General Electric representative was retained in a 
liaison capacity to maintain a close relationship be- 
tween the Operations and Research Groups. 


Experiments in the laboratory and field, exclud- 
ing flight operations, were considered to be part of 
the activities of the Research Group. In addition, 
all results of flight experiments were turned over 
to the Research Group for analysis as quickly as 
possible after the completion of flights for assem- 
blage and reduction of the flight results. 


Close liaison betweenthe Flight Operations Group 
and the Research Group is maintained by frequent 
meetings and by having a laboratory representative 
included in all Operations planning and activities, 


The early flight operations were made using 
Olmsted Field at Middletown, Pennsylvania as base 
ofoperations. It was soon discovered, however, that 
many delays in carryingout flights could be traced 
to this geographic separation ofthe Operations and 
Research Groups. Accordingly, in the summer of 
1947 all of the flight operations were transferred 
to the Schenectady Airport and facilities established 
at the General Electric Flight Test Hangar. 


These facilities have been steadily expanded until 
at the present time all requests by the Operations 
Group for space and operating facilities have been 
met by General Electric. These consist of the fol- 
lowing: 

A total of 1830 square feet of office, opera- 
tions, and storage space is supplied. Within 
this area are a flight tower, weather office, 
administration office, dark room, navy cage, 
Recordak room, operations office, analysis 
room, and a parachute and stock room. 
In addition to this, about 640 square feet of 
conference room is available whenever re- 
quired. In the same category is a room in the 
hangar for aircraft when a heated area is 
needed for installation work, repairs, or other 
reasons 

On call are two aircraft mechanics, two shop 

men, two transcribers, and an instrument 

man. 


(1) Schaefer, V. J. Final Report on Icing Research, July 1, 1945 to July 1, 1946. ATSC Contract W-33-038- 


AcC-9151. 


Schaefer, V. J. The Production of Ice Crystals in a Cloud of Supercooled Water Droplets. Science, 104, 


2707, pp. 457-459, (November 15, 1946). 


Schaefer, V. J. Heat Requirements for Instruments and Airfoils during Icing Storms on Mt. Washington. 
Transactions of the A. S. M. E., pp. 843-846, (November, 1947). 


Schaefer, V. J. The Naturaland Artificial Formation ofSnowinthe Atmosphere. Transactions, American 
Geophysical Union, 29, No, 4, pp, 492-498, (August, 1948), 
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A full-time secretary handles reports, cor- 
respondence, telephones, etc. 


To facilitate flight operations, the A and C 
teletype circuits were installed, as well asa 
Teletalk system connecting all offices. This 
can also operate a Public Address system in 
the hangar and the ramp. 


At the G. E. hangar, a class A repair station 
is available, In addition, extra guards have 
been assigned for the protection of aircraft 
and equipment, and standard aircraft fire 
fighting equipment with trained personnel is 
on hand for emergencies. 


In carrying out effective flight operations, the 
Research Group has emphasized, from the beginning, 
that there are two things of basic importance for 
achieving the tvpe of results anticipated. 


Asinallbasicresearch, itis of prime importance 
that after each flight the experimental results be 
carefully analyzed so that mistakes in planning are 
detected and each successive experiment used to 
uncover new aspects of the general problem under 
study, If this is not done, mistakes may passun- 
noticed during a number of experiments and result 
in the amassing of data that may be of little value. 


As the result of many different attempts to in- 
crease the efficiency of flight operations and analy- 
sis of the experimental results, the following pro- 
cedure is now under trial. 


Immediately after a flight, all data is gathered 
and scheduled for delivery to the Research Group. 
Within an hour following a flight, the following in- 
formation is supplied to the Research Group: 


Date 

Flight Number 

Take Off Time 

Area Over Which Flight Was Made 
Objective of Flight 

Type of Clouds Worked On 

Base of Clouds 

Top of Clouds 

Measured or Estimated 
Temperatures as far as known 
Type of Seeding 

Quantity of Agent Used 

Number of Photographs Taken 
Cameras Used 

Number and Type of Aircraft Used 
Altimeter Setting 

Remarks 


Subsequently, and as soon as possible, the photo- 
panel data is transcribed from the developed film, 
the flight photos developed and printed as contact 


prints, and other instrument readings supplied as 
raw uncorrected data. This and all other informa- 
tion related to a specific flight is delivered to the 
ResearchGroupas a packet withina week. Although 
this goal has never been achieved up to the formal 
termination of this contract*, there is no apparent 
reason why it cannot be done, and it is believed that 
such results will be obtained in the near future. 


During the period February 28, 1947 to July 1, 
1948, many exploratory laboratory and field studies 
were instituted by the Research Group to gain a 
better knowledge ofthe physicalprocesses govern- 
ing the genesis, growth, maturity, and dissipation 
of various types of cloud systems. These were, in 
general, directed toward achieving a better under- 
standing of the precipitation cycle, especially as 
related to the growth of cloud particles, supercool- 
ing, sublimation and condensation nuclei, and the 
formation of rain and snow. One of the major pur- 
poses of this program was an effort to establish in 
definitive terms the various physical parameters of 
such meteorological phenomena. 


Eight of these studies had developed sufficiently 
by July 1, 1948 to warrant the preparation of Occa- 
sional Reports. In order to save time and effort, it 
was agreed by the Steering Committee that these 
reports should be considered as the major part of 
the Final Report. 


In addition to these eight reports and because it 
contains a fairly good summary ofthe developments 
which led to the present activities of Project CIR- 
RUS, the First Report is also included as part of 
the Final Report, 


The following includes a listing by title anda 
brief summary of the contents of the Occasional 
Reports: 


Occasional Report No. 1 


*‘The Production of Rain by a Chain Reaction in 
Cumulus Clouds at Temperatures Above Freezing”’ 
by Dr. Irving Langmuir. 


This report, which has since been published in 
the Journal of Meteorology, October, 1948, sum- 
marizes the result of theoretical work initiated 
early in 1942 for the design of the artificial fog 
smoke generator. The equations developed at that 
time were found later to be applicable to the growth 
of droplets in orographic clouds on Mt. Washington 
and to suggesta mechanism for the growth and de- 
velopment of clouds in the free atmosphere by 


evaporation-condensation processes. The main 


part ofthis paper consists of the equations developed 
by Langmuir for application to conditions in the 
free atmosphere. Thirteen tables are presented 


* It should be mentioned that under a subsequent contract which will continue until July, 1949, this goal was 


achieved during the latter part of November. 


which delineate the critical conditions obtained for 
known conditions in natural clouds. Using this in- 
formation, it is possible to determine the limiting 
conditions required to institute a chain reaction in 
a cumulus cloud system by ‘‘seeding’’ with water 
droplets. It also affords an explanation of the de- 
velopment of the precipitation cycle following the 
formation of snow by dry ice seeding of cumulus 
clouds, 


Occasional Report No, 2 


“A New Plane Model Cloud Meter” bv R.E, 
Falconer and Dr, V. J. Schaefer. 


This report describeda modification of theG. E. 
Cloud Meter which was usedsuccessfully in der 
ing 39 summer storms on Mt. Washington in 1945(2), 
The recording device of the new model produces a 
continuous trace while the instrument traverses a 
cloud, and the variation in width of the trace repre- 
sents an instantaneous and continuous record of the 
liquid water content ofthe cloud. The present model, 
as described, still requires development for use at 
air velocities in excess of 150 mph. 


Occasional Report No. 3 


“Some Experiments in the Freezing of Water” 
by Robert Smith-Johannsen. . 


This report summarizes preliminary studies on 
the freezing temperature of bulk water. It was so 
conducted that no air -solid interface below 0°C was 
in contact with the water, although the surface was 
exposed to air. 


By thus guarding against the ''seeding" of the 
supercooled water by the development of frost at 
or near the solid-water contact point, it was found 
that the common freezing point of water is about 
-209C, A sample of water which had been exposed 
to ultrasonic radiation was cooledto -38.59C before 
it froze. 


Various powders were addedto the water as con- 
taminants, A fine dispersion of graphite was found 
to be the most effective in raising the freezing tem- 
perature to a value of -6,90C. No conditions were 
found to cause water to freeze at 00C except seeding 
with a piece of dry ice heldabovethe water surface, 
The shower of minute ice crystals generated by the 
dry ice always caused freezing as the temperature 
indicator passed 09C. 


Although graphite was found to be the most ef- 
fective freezing nucleus, it did not serve as a sub- 
limation nucleus when dispersed as a suspension 
ina cold chamber supersaturated with respect to 
ice. 


Occasional Report No. 4 


“Smoke from Smelter Operations Asa Possible 
Source of Silver Iodide Nuclei,” by R, E, Falconer 
and Dr. B. Vonnegut. 


This report briefly summarizes a climatological 
study conducted to determine whether or not any 
additional precipitation occurs in the general 
vicinity of silver smelters due to the reaction of 
Silver in the flue gases reacting with iodine in the 
air to form silver iodide sublimation nuclei. 


The study was conducted to deter mine the validity 
of statements purporting to show unusual belts of 
precipitation in the vicinity of large smelters. 


The study brought out the interesting fact that 
approximately one pound ofsilver is lost to the at- 
mosphere per hour in the United States. If this 
silver were efficiently converted to silver iodide, 
enough nuclei might be formed to seed as much as 
ten to one hundred thousand cubic miles of air per 
hour with a concentration of one particle per cubic 
inch. 


After making a study of the general climatological] 
data of Utahand the western United States, no signi- 
ficant precipitation trends could be discovered which 
might be assigned tothe variations in silver output. 


Occasional Report No. 5 


I ‘‘Production of Ice Crystals by the Adiabatic 
Expansion of Gas.” 


II ‘‘Nucleation of Supercooled Water Clouds by 
Silver Iodide Smokes.”’ 


IH ‘‘Influence of Butyl Alcohol on Shape of Snow 
Crystals Formed inthe Laboratory" by Dr. B. Von- 


negut, 

This report describes three separate studies 
conducted by the author as laboratory and field ac- 
tivities. 


PartI describes a simple but very effective way 
of producing large numbers of ice crystals in the 
laboratory by adiabatic expansion of the gas which 
momentarily cools the air below the critical tem - 
perature of -38,.90C. It infers asimilar mechanism 
as the source of ice crystal vapor trails produced 
due to adiabatic expansion of moist air by the pro- 
pellers and wings of airplanes, 


The experiments show that about 1.6 x 1010 ice 
crystals are generated per cc of expanded air. An- 
other important experiment showed that a loud ex- 
plosion per se had no effect in producing ice crystals 
in a supercooled cloud. 


(2) Schaefer, V. J. The Liquid Water Content of Summer Clouds on the Summit of Mt. Washington. ATSC 
Contract W-33-038-AC -9151, (April, 1946) 


The second part ofthe report describes the major 
work ofthe author inhis study ofthe physical chem- 
istry of silver iodide and the efficient production of 
large concentrations of such sublimation nuclei by 
smoke generators. 


A study using the electron microscope to de- 
termine the size of particles produced with the as- 
pirating hydrogen flame, the most effective genera- 
tor so far developed, shows the particle size to lie 
in the range of 30 & to 1400 & in diameter, Yields 
of silver iodide particles as high as 1016 per gram 
of silver iodide were observed. A high temperature 
coefficient was observed, Thusasmoke which pro- 
duced an average value of 1016 particles per gram 
of silver iodide at -200C only produced about 1013 
particles at -109C. 


A very interesting fact discovered is that silver 
iodide particles do not reactimmediately as subli- 
mation nuclei when introduced into a supercooled 
cloud of water droplets. Even fifty minutes after 
introducing a smoke sample in the cold chamber, 
ice crystals could be seento form at a measurable 
rate, The general conclusion reached as a result 
of this study is that the rate of reaction at -139C is 
30 to 40 times faster than at -10°C, 


The third part ofthe report describes a modifica- 
tion of snowcrystal forms from hexagonal plates to 
hexagonal columns which was observed when butyl 
alcohol vapor was accidentally introduced into the 
cold chamber. A subsequent study of this phenome- 
non showed that with a partial pressure of butyl 
alcohol vapor of the order of 1079 atmospheres or 
less, no modification was observed. However, ata 
partial pressure of about 10-5 atmospheres, long 
hexagonal prisms were found toform instead of the 
normal thin hexagonal plates. As the vapor pressure 
of the alcohol was increased, however, the crystal 
habit reverted to the normal platelet form. 


Dr. Vonnegut likens the effect of butyl alcohol on 
the crystal form of ice to a similar effect in solu- 
tion of sodium chloride which normally crystallizes 
in a cubic form, but withthe addition of urea, shifts 
its crystal habit to that ofan octahedra. This effect 
is thought to be a blocking action produced by the 
preferential absorption of the impurity on certain 
faces of the crystals slowing down the rate of growth 
in certain directions and permitting the development 
in others. 


Isobutyl and allyl alcohol showed a similar effect, 
but the shorter chain ethyl alcohol failed to exert 
any effect. 


Occasional Report No. 7 

‘Observations on the Behavior of Water Drops 
at Terminal Velocity in Air" by Duncan C, Blan- 
chard. 


This report deals with observations and experi- 
ments on the behavior of water drops falling at 
terminal velocity through air. The study included 
observations on the breakup of drops in turbulent 
and non-turbulent air and the mechanism of breakup 
under various conditions. 


The report includes a description of the apparatus 
used for making the study, which consisted of a 
vertical wind tunnel so designed that the drop re- 
mained essentially ina fixed positionin space, This 
was accomplishedby producinga verticalair stream 
having a velocity of 8.2 cm sec-1 with a region in 
the core of the stream having a slightly lower 
velocity. In this central region, the drop floated in 
a nearly stationary position, thus permitting ob- 
servations on breakup, oscillations, etc., to be 
carried on with ease. 


One of the interesting features of the report is 
the series of ten stroboscopic photographs selected 
from more than seventy pictures showing the oscil- 
lations, gyrations, and pulsations that go on as water 
drops fall at their termina] velocity. 


This study was plannedto shed more light on the 
mechanism of growth and breakup of rain drops in 
cloudsystems andis the first stage of an investiga- 
tion which is continuing under the new contract. 


Occasional Report No. 8 


** A Method for Obtaininga Continuous Record of 
the Type of Clouds in the Sky during the Day" by 
R. E. Falconer. 


The report describes and illustrates a simple 
method of obtaining continuous records of cloud 
types during daylight hours, The method not only 
makes it possibleto have a detailed record of cloud 
cover but seems to provide graphical information 
which may be ‘‘read’’ by an experienced observer 
so that the cloud types for a specific day or period 
in the day may be determined by scanning the record. 


It is believedthat the method may be useful for a 
number of practical applications beyond the funda- 
mental studies for which it is being used by the Re- 
search Group, A few of these possibilities are 
mentioned. One of them — the use with an automatic 
weather station — may have considerable practical 
importance. 


Occasional Report No. 9 


** Methods for Detecting Sublimation Nuclei in the 
Free Atmosphere'' by Dr. Vincent J. Schaefer, 


This report describes several methods tor de- 
tecting sublimation nuclei in clear air. Itis believed 
that one or more of the suggested methods maybe 
useful in reaching a better understanding of some 


of the erratic variations in the occurrance of such 
particles in the free atmosphere which so often per - 
mit the development and persistance of supercooled 
clouds. 


The variations which have been observed are 
tabulated to illustrate the extremes that have been 
noted in the preliminary studies. 


Three detection methods are described. Two of 
these employ supercooled water films — one in the 
dorm of a free floating bubble or a film mounted on 
a ring, the other as a water soluble plastic coating 
placedon a thin plastic membrane, Either of these, 
after reaching a supercooled state, permits the 
formation of ice crystals when an active nucleus 
contacts the film surface. The third method em- 
ploys a cold chamber in which a supercooled cloud 
is formed after introducing the air sample to be 
tested. Anyactive sublimationnucleus immediately 
becomes visible in a light beam directed into the 
chamber and may be counted. A table of early re- 
sults obtained with such a unit on Mt. Washington, 
New Hampshire, is presented, A continuing study 
under the new contract is in progress and will be 
subsequently described in detail, 


Occasional Report No. 10 


“Studies of the Effects Produced by Dry Ice 
Seeding of Stratus Clouds” by Dr. Irving Langmuir 


This report is the first full scale analysis of a 
two plane flight operation carried out by the Opera- 
tions Groupof Project CIRRUS andsubmitted to the 
Research Group for study. 

More details are included in this report than will 
normally be given by the Research Group. It is 
presented in detailed analysis to serve as an example 
of the methods and techniques which may be used 
in evaluating the results of a particular flight opera- 
tion. 

Flight 23, which is analyzed, was a two plane 
mission in co-operation with the M, I, T, Weather 
Radar Group and was conducted in the general 
vicinity of Cape Cod, Massachusetts. An L-shaped 
seeding and sixspot drops were made in two phases 
of the flight operation. The rateat which these re- 
gions grew as the dry ice seeding modified the super - 
cooled clouds is shown andquantitative information 
is supplied to illustrate the effects produced. 

In addition to this information, the general con- 
clusions that may be drawnfrom such activities are 
given by the author so that intelligent planning for 
future research experiments is possible. 


Vincent J. Schaefer 
General Electric Research Laboratory 
Schenectady, N. Y. 


15 December 1948 


First Quarterly Progress Report 
METEOROLOGICAL RESEARCH 
:1 March - 1 June 1947 


Work onboth laboratory andoutdoor experiments 
which were actively underway before the officlal 
signing of the present contract has continued and 
is now golng ahead as a considerably augmented 
program. 


Detailed reports on various phases of the work 
planned, accomplished, and contemplated are in- 
cluded as sections of this report as shown in the 
Table of Contents. 


GENERAL ELECTRIC PERSONNEL ON THE 
PROJECT 


Those actively engaged in the work at General 
Electric at present are: 


Dr. Irving Langmuir who is engaged in analyzing 
flight results, setting up procedures for routine 
analysis of such results, and planning methods and 
techniques for future programs. He isalso develop- 
ing the mathematical theory of the growth of cloud 
particles, water droplets, and ice crystals as af- 
fected by the alr movements within clouds. 


Vincent J. Schaefer, who works with Dr. Langmuir 
inthe planning of the project, is carrying out labora- 
tory experiments onsome of the fundamental proc- 
esses involved inchanges in clouds; he is following 
the development of the general program and plane 
instrumentation and keeps intouch with the develop- 
ment of cloud studles In this and other countries. 


Dr. Bernard Vonnegut who is actively working 
on various methods for producing silver iodide 
generators producing foreign-particle ice nuclei 
for both plane and ground installations, and is plan- 
ning a studyof meteorological conditions favorable 
to the effective operation of ground generators. 
This will be done by using such a generator in con- 
junction with a Navy fog generator; subsequent 
plans call for sampling the air at various altitudes. 
A number of generators have been made and tested 
onboth the B-25 andthe B-17, and their performance 
under flight conditions is being used In the design 
of a newer generator, 


Raymond E. Falconer who is working on various 
phases of instrumentationof the flight plane, labor - 
atory studies and other relatedproblems. A cloud- 
meter, decelerator, accelerometer, icing indica- 
tors, and an exposure gun for sampling cloud 
particles have been constructed or obtained by him, 
and installations of these and other equipment in 
the B-17 are nearly completed. 


Kiah Maynard who is assigned to participate as 
the Research Laboratory representative on all 
flight tests. He Is famlliar with the mechanism of 
the various cloud measuring instruments and wlll 
be responsible for their operation in flight opera- 
tions. He is also responsible for gathering the 
data from the other observers during a flight and 
assembling the results into as complete a record 
as possible for each operation. 


Robert Smith-Johannsen who isactively working 
on certain phases of the aircraft icing problem on 
another contract, but will be available and will 
probably participate in the cloud studies project 
whenever additional help is needed, 


LABORATORY STUDIES 


An active laboratory program lIs underway in- 
volving studies of supercooled clouds under varlous 
conditions of temperature and liquid water content. 
The type of crystals produced by different seeding 
techniques, the rate of growth of crystals under 
controlled conditions and the various ways of pro- 
ducing them are among the projects under study 
in the laboratory, The possibility of having a field 
kit for detecting ice nuclel inthe natural atmosphere 
is under consideration and several unlts have been 
constructed for experimental use. The properties 
of clouds under high electric fields are also being 
Studied to see what changes occur under different 
types and degrees of electrification. 


PHOTOGRAPHIC STUDIES OF CLOUDS 


Lapse-time photographs in color and in black 
and white are being made to determine the various 
factors involved in the development of the several 
types of clouds, Nearly 500 feet of such movies 
have now been obtained. Most of them are made by 
taking a picture every 2.5 seconds with a special 
shutter attachment used with 16 mm movie cameras, 
The movie is then projected at normal speeds to 
show the development and growth or dissipation of 
the clouds. 


Stereoscopic pictures are also being obtained 
to show the three dimensional structure of different 
types of clouds. Besides using this technique to 
study ordinary cloud systems, one of the purposes 
of the project is to have the equipment ready and 
operating in a satisfactory manner for recording 
modification operations andthe types of clouds under 
study in the above freezing part of the project. 


DETECTION OF SUPERSATURATION IN THE 
NATURAL ATMOSPHERE 


Aregular daily observation program has recently 
been started to explore the possibility of inducing 
the development of cirrus type clouds under clear 
Sky conditions. It is believed that supersaturation 
with respect to ice probably occurs fairly frequently 
at temperatures warmer than -35°C in air devoid 
of foreign-particle nuclel. Lacking such nuclel, » 
considerable degree of supersaturation can develop 
as is often shown by the development of so-called 
vapor trails behind high flying aircraft, To explore 
these possibilitles, 50and100 gram balloons carry- 
ing chunks of dry ice in anopen mesh bag are belng 
released on a dally schedule from the top of the 
laboratory and followed by theodolite. If sublimation 
tralls are observed, we hope that the program can 


be expanded to use high flying aircraft to explore 
the possibilities of producing ice-crystal clouds on 
a large scale for studying turbulence, lateral diffu - 
sion rates, radar echoes, and other similar mete- 
orological phenomena. 


CO-OPERATION WITH PLANE FLIGHTS 


Up to June 1st, a plane from the Weather Squadron 
assigned tothe Signal Corps has beenat Schenectady 
a total of six times. During such visits a total of 
five seeding flights have been made. Of these flights, 
all have produced visual results; three have pro- 
duced photographs although on only one flight were 
the results reasonably complete enough for analysis. 


It ls expected that, Lf the present crew is per- 
mitted to stay with the project, subsequent results 
will be much more satisfactory. 


During all flights, two or more of the Research 
Laboratory Group have been in attendance at the 
radio inthe G. E. Flight Test Division controltower 
and have obtained a record of everything communi- 
cated by radlo tothe tower. Allof this information, 
which was recorded on wire, has been transcribed 
and records delivered to all concerned with the 


analysis of the flights. On all seeding flights from 
50 -150 pounds of granulated dry ice have been 
preparedand delivered by the Research Laboratory 
to the plane for use in the operations. 


The data obtained on April 7 have been worked 
up quantitatively and are included as an appendix 
to this report. The method of analyzing this data 
will be described so that others will be able to follow 
the same method if desirable. Considerable time 
has been spent with representatives of the Army, 
Navy and other governmental agencies discussing 
the general program going over in detail the flight 
plans of the project. 


CONCLUSIONS 


As plansfor the summer andwinter season pro- 
gress, it becomes evident that the present arrange - 
ment for supplying flight facilities needs to have 
considerable revision. 


It is hoped that a satisfactory method can be 
devised which will lead to a more efficient use of 
the crew and the plane whenever proper conditions 
for cloud studies occur. 


Il SUMMARY OF RESULTS THUS FAR OBTAINED 
IN ARTIFICIAL NUCLEATION OF CLOUDS 


Irving Langmuir 


HISTORY OF OUR EARLY WORK 


Beginning in February 1942, Mr. V.]. Schaefer 
and I worked on the development of a generator for 
screening smokes for the Army. We were guided 
by what I call the evaporation-condensation theory 
of the growth of small droplets in fogs or clouds. 
When a small droplet, of dimensions greater than 
the mean free path of the air molecules (10-5 cm), 
is surrounded by atr which has a partial pressure 
of the volatile materlal of the drop which differs 
from the equilibrium pressure of the drop by a 
small amount Ap, then the rate of galn or loss of 
welght of the droplet 1s glven by: 

Q = Sere (1) 
where M is the molecular weight of the volatile 
substance, D is the diffusion coefficient of the vapor 
through the air, r is the droplet radius, R is the 
gas constant, 8.3 x 107, and T 1s the absolute tem- 
perature, 


Because of the surface tension, the Interior of 

a small droplet is under a hydrostatic pressure. 
Asaresult,the droplet has a higher vapor pressure 
than that of the liquid in bulk, The increase in 
vapor pressure produced by this surface tension 
effect IS pr - Pp which Is given by: 

2 

Pr - Po = SRT? 

where nis the surface tension of the liquid and @ is 
the density of the liquid. This equation is known 


(2) 


1i 


as Thompson’s equation. Onthe basisofthis theory, 
a small droplet surrounded by air which is in equi- 
librium with an extended flat surface of the liquid 
will have only a definite life C. The value ofTis 


given by: 
r3 RT \ 2 
ey ater ) (3) 


This theory can be applied to calculate the rate 
of growth of particles in a fogor smoke. The small 
particles, in accord with Eq. (2),tend to evaporate, 
Since they have a higher vapor pressure and give 
vapor which condenses upon the larger droplets. 
This rate of transfer naturally depends upon the 
distribution of the sizes among the droplets. In 
1943 I didnot know how to calculate this distribution 
of sizes, but I made the very simple assumption 
that during the growthof particles within the cloud 
or smoke the type of distribution remains constant 
or "invariant." This I could not prove, but it 
Seemed a reasonable assumption. On the basis of 
this assumption, it was easy to show that the num- 
ber of particles in the fog would, in general, de- 
crease according to the equation: 


dinn 1 
dt AT 
wherel's given by Eq. (3). 
This theory was now applied to the calculation 
of the rate of growth of smoke particles ina jet 
of vapor escaping through a nozzle from a boller 
inwhich hydrocarbonoil was boiling to give a pres- 


(4) 


sure of 5 to 15 pounds per square inch on a gage. 
The jet, by Its momentum, dragged In very large 
quantities of air so that the vapor was chilled within 
a few milliseconds to atemperature so low that the 
oll had no appreciable vapor pressure. By an In- 
tegration process, knowing the vapor pressure of 
the oll, the rate of dilution with the air and thus 
the rate of fall of the temperature, it ls possible 
to calculate the size to which the droplets would 
grow by the time they had cooled tosuch a low tem- 
perature that further growth became negligible. 
This theory gave quantitative results which were 
in excellent agreement with all our experiments 
made duringthe development of thesmoke genera- 
tor. In fact, by this theory it was possible to cal- 
culate the size of nozzle that should be used and 
the proper pressure of oil vapor in order to get 
smoke particles of the desired size, 0.60 microns 
diameter. The smoke generator finally used by 
the Army contained nozzles 3/16 in. diameter, which 
was exactly the size that I had calculated by this 
theory before we had made any experlments to de- 
termine the proper size. 


In the years 1943 to 1945 Schaefer and I, for an 
Army project, studied the theory of the formation 
of rime or ice on alrcraft, Experiments were 
undertaken onthe summit of Mt. Washington during 
the winters of 1943-44 and 1944-45, In the course 
of this work, we found it possible to develop a 
method for determining the diameters of the drop- 
lets constituting clouds. This was done by a mathe- 
matical analysis of data on the rate of deposition 
of Ice on slowly rotating cylinders of various sizes 
exposed to wind of known velocities. 


Since the air that entersthe base of a cloud that 
envelops the top of Mt. Washington usually blows 
up along the mountain slope until it reaches the 
summit, the life of the cloud particles should be in- 
versely proportionalto the wind velocity and propor- 
tlonal to the vertical height of the summit above the 
base ofthe cloud, Since the liquid water content 
in the cloud under given temperature conditions 
would generally be proportional to the height of the 
summit above the cloud base, we can see that the 
age ofthe cloud particles which pass the summit 
Should vary in proportion to w/V, where w ls the 
liquid water content of the cloud In grams per cubic 
meter and V lIs the wind velocity. Thus, there 
Should be a relation between droplet size and the 
ratio w/V. The experiments on Mt. Washington 
show very clearly that this is the case, In fact, 
an analysis of several hundred sets of observations 
enabled us to compare the calculated and observed 
droplet radii. According to the theory, the diameter 
of the droplets should be glven by the following 


equatlon: 
0.40 
e) t 900 3 (5) 


In this equation, the coefficient 2.46 is empirically 
determined from the Mt. Washington data, but the 
form of the equation and the other numerical con- 
stants in It were obtained directly fromthe evapora- 
tion-condensationtheory. The units in this equation 


59+T 
d= 2ao( gg 
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are as follows: The diameter d is expressed in 
microns, Tc Is_the temperature in 9C, w is ex- 
pressed in g/ m, and V Is the vertical component 


of the velocity expressed in meters/second. 


Several hundred sets of data, which glve values- 
of Tc, w,and V, and the experimentally determined 
values of d have been analyzed and the observed 
values of d have been compared with values calcu- 
lated from Eq. (5). It has been found that the cor- 
relation coefficients between the observed and 
calculated values of d range from 0.92 to 0.94 in 
different sets of observations, An analysis of the 
observational data was also made by the method of 
partial correlation coefficients, A regression 
equation was thus derived, and this showed that the 
regression equation does not agree any better with 
the observed data than the equation empirically 
determined, Eq. (5). 


I believe that Eq. (5) should be applicable to the 
growth of water droplets in the clouds of the free 
atmosphere. During this coming summer, we plan 
to make experiments inairplanes to test this evap- 
oration-condensatlon theory. Recently,I have been 
able to develop the theory much more completely 
and have beenable to calculate the numerical value 
of f which occurs in Eq. (4); I have been able to 
determine just what the conditions in the atmos- 
phere must be in order that the distribution ef 
droplets shall remain invariant as the air rises in 
the cloud. 


In the evaporation-condensation theory, it was 
assumed from the very beginning that there are 
always in the atmosphere large surpluses of avail- 
able nuclei suitable for the growthof water droplets. 
The number of droplets that exist in any cloud is, 
thus, determined by the rate by which the air rises 
into the base of the cloud, and does not depend upon 
the number of nuclei originally present in this air, 


ICE CRYSTALS WITHIN CLOUDS 


In the course of the work on Mt. Washington and 
from observations of clouds inthe Adirondacks and 
in Schenectady, Schaefer and I became aware of the 
fact that ice nuclei are frequently extremely rare 
in the atmosphere. We became convinced of the 
fact that, in clouds below the cirrus level and even 
at temperatures as low as -20 C, there are nor- 
mally no ice crystals at all,or at least the concen- 
tratlon of ice crystals in such clouds is not more 
than about 10-9 particles per cm?, whereas the 
number of water droplets in clouds usually ranges 
from 100 to 1000 per cm?. Only in clouds from 
which there Is visible snowfall from the bottom 
Should it be assumed that there are any snow 
crystals. 


It is obvious, however, from the fact that snow 
does sometimes form in clouds, that occasionally 
there are enormously more nucle! than normally 
occur. If, for example, we have a cloud containing 
1 g/ m? of liquid water, which is a fairly high value 
for winter clouds, and we consider that all the water 
in this cloud should be changed to ice crystals or 
snowflakes each welghing 10-? g, we see that there 


would then be 10° snowflakes percubic meter. The 
snowflakes are, thus, about 2.2 centimeters apart 
and, on the average, there is only 0.1 snowflake 
per cm3. Thus, even in a heavy snowstorm, the 
nuclei are many thousands of times less abundant 
than are the water droplets normally present in 
such clouds. 


There are many cases where snowstorms are 
observed In low clouds no part of which are ata 
temperature of less than -5C. It is, therefore, 
clear that in the atmosphere there sometimes exist 
nuclei which are responsible for the formation of 
snow crystals. There are other tlmes when such 
nuclei are absent. It is clearly not a matter of 
temperature alone, 


During the winter of 1945-46 Mr. Schaéfer and 
I planned to investigate very thoroughly these ques- 
tions, First, what are the ice nuclel in the atmos- 
Phere which lead to snow formation? Second, how 
can we introduce into clouds nuclei that will lead 
to theformation of snow? During the development 
of our interest inthis subject, we learned torecog- 
nize the characteristic features of clouds which 
contain snow and to distinguish them from those 
which do not. 


Clouds that contain snow show the following char - 
acteristics. Looking up through such a cloud, one 
often sees a halo around the sun at an angle of 22 
degrees around the sun. This can be caused only 
by a refraction with snow crystals when the light 
enters and leaves the crystal from faces that form 
a diehedral angle of 60 degrees. These halos are 
usually caused by small hexagonal prisms of ice 
which are oriented at random. If the prisms are 
falling downward in the direction of thelr long axes, 
there will be areinforcement of the intensity of the 
halo at a height above the horizon equal to that of 
the sun. This gives the so-called “‘sun dogs." If 
the snow crystals consist of small hexagonal plate - 
lets, and if these are not too small, they tend to fall 
with the plane ofthe crystal nearly horizontal. Under 
these conditions, if one looks down from a plane or 
a mountaintop on the top ofa cloudof such crystals, 
one sees a bright spot in the cloud at a distance 
below the horizonequal tothe height of the sun above 
the horizon. Because of the slight tilting of the 
crystals from the horizontal, and because of multiple 
reflections involving two or more crystals, this 
spot of light reflected fromthe cloud 1s often drawn 
out into a vertical column which may extend both 
above and below the spot and may even extend above 
and below the horizon and abovethe sun Itself. Such 
effects are never produced by water droplets. 


When flying through a cloud containing super- 
cooled water droplets, many parts of the plane 
acquire a deposit of rime or ice due to the inter- 
ceptlonof liquid water droplets which thenfreeze in 
contact with the surface. In clouds containing only 
ice crystals, no ice or rime forms. 


Sunlight that falls on a cloud layer from above 1s 
Scattered but is not absorbed. Thus, the total light 
that is intercepted ls re-emitted. If the cloud Is 
sufficiently thick so that no appreclable amount of 


light diffuses through the cloud and so reaches the 
ground, then one can see from the distribution of 
light from the top suriace whether the liquid water 
cloud has been changed to ice. For example, from a 
cloudof liquid water droplets one sees that the light 
reflected from the cloud at angles not far from the 
sun is very intense;that is,the cloudis very bright 
at angles 20 degrees or 30 degrees from the sun. 
At increasing angles, the light intensity decreases 
but rises again considerably at a point of about 138 
degrees from the sun which is about the location 
where a rainbow would be seen if the drops were 
much larger. Then the intensity again becomes 
much larger at a point nearly opposite to the sun. 
There one sees a small bright-colored circle of a 
radius of about two degrees or three degrees, which 
is called a glory. If the plane is low enough, one 
usually sees the shadow of the plane in this circle. 
These color effects are due to diffraction and they 
indicate that the particles are of very small dlam- 
eter compared to the wave length of light. 

Similarly, if one looks at the sun’s disk through 
a very thin layer of clouds of liquid water, one sees 
a colored corona that isalso dueto diffraction from 
the small droplets. Whenthe sun's disk is seen 
through clouds of liquid water, the edge of the sun's 
disk is always sharp no matter how small the par- 
ticles may be. In our work withthe smoke genera- 
tor, where we produced smoke particles ranging 
from 0.5 to 2 microns in diameter, we found, when 
looking up at the sun through a layer of smoke of 
such density that one could look at the sun without 
hurting one’s eyes, that the sun’s disk was brilli- 
antly colored and that the edge of the sun was per - 
fectly sharp and distinct. In other words, one finds 
no sharp maximum in the intensity of light scattered 
by diffraction through small angles. 

On the other hand, If one looks at the sun through 
a cloud of Ice crystals of sufficient thickness to 
cut down the light of the sun sothat it can be toler- 
ated by the eyes, the edge of the sun's disk looks 
fuzzy. Ihave worked out the theory of this effect. 
It is produced by the great increase in intensity of 
light reflected from small surfaces when the angle 
of incidence approaches 90 degrees. The intensity 
coefficient of reflectionalways approaches 100 per 
cent at grazing incidence, but it falls to about half 
of that at an angle only about one degree fromgraz - 
ing incidence. When the sun’s brightness is cut 
down to 1/10000th (which is necessary in order to 
be able to look at the sun’s disk with unaided eyes), 
there must be a great deal of multiple reflection. 
It is for this reason that the edge of the sun's disk 
becomes very fuzzy. This can only happen when 
the surfaces from which reflections take place are 
very large compared to the wave length of light. 
Large raindrops or snow crystals can produce this 
effect, but fog particles never do, We have found 
this a very useful criterium to distinguish between 
liquid water and ice crystals. 


SCHAEFER’S EXPERIMENTS ON THE ARTIFI- 
CIAL PRODUCTION OF ICE NUCLEI 

During the spring of 1946, Mr. Schaefer obtained 
a commercial home freezing unit which had arec- 


tangular cold box of about four cubic feet which 
could be cooled to -25°C. With the cover off, the 
temperature at the bottom was about -230C and the 
temperature rose to about -10°C a few inches below 
the top. The volume of the part below -100C was 
about 70 liters. 


Schaeíer found that by breathing into this box a 
Íew times the box became filled with a cloud con- 
Sisting of liquid water droplets with sizes very much 
like those in natural clouds, but that no ice crystals 
occurred at -239C. He lined the cold box with black 
velvet and used anintense beam of light from above 
to illuminate the cloud, Later experience showed 
that all ice crystals larger than a few microns can 
be seen immediately with the unaidedeye when illu- 
minated in this way. 


Mr. Schaefer tried very great numbers of pow- 
dered materlals dusted into the box and ordinarily 
found no trace of ice crystals forming. Sometimes 
at the lowest temperatures just a few crystals could 
be seen. This proved that ice crystals, when pres- 
ent, could be seen but ordinarlly they were absent, 


Early in July, 1946, Schaefer introduced into the 
cold box contalning supercooled clouds, a needle 
(suspended by a thread) which had been cooled in 
liquid air. This needle was swung once across the 
top of the cloud. Immediately the path of air through 
which the needle had moved was seen to contain 
anintense blue haze consisting of particles too small 
to resolve. They gave the characteristic Rayleigh 
Scattering, indicating that the particles were small 
compared to the wave length of light. Within a few 
Seconds myriads of ice crystals, hundreds of mll- 
lions of them, could be seen glistening along this 
seeded path, Within usually 10 to 20 seconds, the 
Seeding of these crystals spreadthroughout the box, 
in spite of the fact that there was a very strong 
temperature gradient which tended to stabilize the 
cloud in the box and to prevent convection currents. 
It was seenimmediately that the seeded path always 
surrounded itself with a clear layer of air from 
which all the particles had been removed by diffu - 
sion, The fact that the vapor pressure of ice is 
less than that of supercooled water, thus, causes 
the droplets to evaporate and the vapor then con- 
denses on the Ice nuclei. The water droplets inthe 
chamber rarely change to lee crystals by contact 
with ice nuclei. 


Experiments showed that to get this effect with 
a piece of cooled metal It was only necessary to 
have a temperature below -35 C, With the metal 
at -34'C no ice crystals appeared, The transition 
between these two cases appeared to be perfectly 
sharp. 


Schaefer then dropped small fragments of dry 
ice (solid carbon dioxide) through the fog In the 
cold box and found that a single minute fragment 
would leave behind it a track of nuclei, By stirring 
the air In the box after dropping the fragment of 
dry ice, one could see that the Ice crystals that had 
formed were less thanone millimeter apart so that 
there must have been at least 10 ice nuclel pro- 
duced. 


In August, 1946, I made a theoretical study of 
the rate of growth of the nuclei that are produced 
by dropping pellets of solid carbon dioxide through 
clouds oi supercooled water. I was able to show, 
for example, that aspherical pellet of 0.4 cm diam- 
eter would fall with an initial velocity of 14 meters 
per second, decreasing as the particle becomes 
smaller by evaporation, It would take about 130 
Seconds for the particle to disappear and in that 
time It would fall 1100 meters (in air at -20°C). 
During this fall, a total of about 60 milligrams of 
water vapor would be condensed to ice in the cold 
air film near the surface ofthe pellet. The air 
remains cool by contact with the pellets only for 
a few microseconds and, duringthis short time, the 
particles grow in accord with the evaporation- 
condensation theory which I hadalready developed, 


I thus reached the conclusion that the ice nuclei 
that are formed can only have a diameter of about 
10-6 cm and that the number of such nuclei pro- 
duced during the fall of a single pellet would be 
about 1016, If each such nucleus could be made to 
grow into a small snowflake weighing 10-5 grams, 
the total weight of the snow produced would be 
100,000 tons, which is the amount of liquid water 
present in roughly 100 cubic kilometers of cloud. 
Actually, of course, the nuclei from one pellet could 
not be distributed through such a large volume. 


The conclusion is obvious, however, that with a 
reasonable number oí pellets droppedalong a flight 
path into the top of a cloud, the limiting factor will 
not be the number of nuclei, but the rate at which 
the nuclei can be distributed throughout the cloud. 


When supercooled liquid water droplets are made 
to evaporate and condense on ice nuclei, the amount 
of ice formed is considerably greater than the 
amount of water which evaporates because the vapor 
pressure is lower than the water so that there is 
a lowering of the water vapor content in the cloud, 
There are, thus, two sources of heat which tend to 
ralse the temperature ofthe cloud, viz., the heat 
of fuslon and the heat of sublimation of the extra 
amount of water which is converted from vapor into 
ice. 

In general, with clouds at -20°C the heating effect 
amounts to 0.5°C to 0.€ C. This heat will cause 
roughly a change of density of the air of about 0.2 
per cent so that the air receives an upward accel- 
eration with a value of g equal to about 2.0 cm/sec?, 
This will be the rate at which the air begins toin- 
crease its upward velocity because of the seeding. 
These vertical velocities, however, will lead to 
turbulence and the energy of the gravitational ac- 
celeration will soon be dissipated in turbulence. 
When this occurs, however, larger and larger 
masses of alr will be brought into circulation and, 
as the nuclei are thus carried out fromthe original 
plane of seeding, the upward velocities will gradu- 
ally increase, Calculations show that in about one 
minute velocities of the order of one meter per 
second wlll be produced and the effect of the seed- 
ing should have spread laterally to a width of about 
50 meters, After the seeded volume has spread 
laterally to a distance comparable to thethickness 


of the cloud, the spreading should then continue at 
a uniform rate with vertical currents of the order 
of five to ten meters per second. The nuclei are 
thus carried aloft and spread out laterally over the 
top of a stratus cloud leaving ice crystals which 
settle down through the cloud and so cause a con- 
tinued rapid spreading. I thus anticipated in Nov- 
ember 1946 that It will only be necessary to seed 
a stratus cloud along lines one or two miles apart 
in ordertogive complete nucleation of the cloud 
within a perlod of 30 minutes or so. 


FIRST SEEDING OF CLOUDS 


On November 13,1946, Mr, Schaefer and Mr. 
Talbot went aloft in a Fairchild plane on a day in 
which the temperature at ground level was 0°C. In 
the morning there had been some high stratus clouds 
but by the afternoon these were disappearing and 
the day was becoming almost cloudless. Finally a 
cloud was found about 30 miles east of Schenectady 
at an altitude of 14,000 feet and a temperature of 
-20°C. Three pounds of dry ice were scattered 
from the cockpit of the plane along a line about 
three miles longover the top of one of these clouds. 
Observing through field glasses from the Schenec- 
tady Airport 30 miles away, I saw a sheet of snow 
appear rather suddenly about 600 feet below the 
clouds; within three minutesthere developed, along 
the top of the previously lenticular shaped cloud, 
some hemispherical cumulus-like bulges. These 
extended to a helght of about 500 feet above the 
cloud but, in a few minutes more, disappeared into 
a vell of snow. Within about five minutes, the 
whole cloud had been turned into snow and this fell 
about 2000 feet before it gradually evaporated into 
the dry air. It was realized that the vell of snow 
that appeared immediately below the snow could 
not have been produced by snow falling from the 
cloud but was produced directly by the action of 
the dry ice pellets which fell intoa layer of air be- 
low the cloud in which the vapor pressure of water 
was less than that of the water but greater than 
that of ice. Subsequent experiments proved that 
it was always possible to seed a cloud by flying just 
below the cloud;the thickness of this layer in which 
such seeding is possible is about 10 meters for 
each OC below the freezing point. The ice crystals 
that are thus formed are carried up into the cloud. 


Seeding experiments with clouds have been made 
on thefollowing dates: November 13,1946, Novem- 
ber 23, November 29, December 20, March 6, 1947, 
March 7, March 12, and April 7, All of these ex- 
periments have been completely successful in that 
they converted large areas of clouds into ice 
crystals. The tests of November 23 and 29 were 
made with Isolated cumulus-type clouds; The whole 
of each cloud was changed into ice withinfive min- 
utes and so began falling fromthe base of the cloud. 
However, photographs taken every 10 seconds and 
projected as movies show that, with such clouds, 
the air is moving into one part of the cloud and leav- 
ing another part so that, in a matter of five minutes 
or so, an entirely new mass of air is withinthe 
cloud. Thus, it was found that experlments with 
small cumulus clouds are of little interest, for the 


effects only last a few minutes. A vell of snow, 
however, could be seen to persist for 10 or 15 min- 
utes after it had left the cloud, usually evaporating 
Slowly in the dryer air below the cloud. 


FLIGHT TEST OF DECEMBER 20, 1946 


Although on the evening of December 19, the 
weather forecast had been for '"'falr and warmer" 
weather for the 20th, clouds developed at 11 P.M. 
on the 19th, and in the early morning of the 20th 
the sky was completely overcast and small single 
snowflakes could be seen occasionally at distances 
of 10 metersor so apart, These were graupel type 
of snowflakes; that Is, they had been formed by 
crystals which had fallenthrough supercooled clouds 
and so had acquired a coatingof rime. By 9 o'clock 
inthe morning the Weather Bureau in Albany re- 
ported that they expected snow by 7 P.M. that day. 
They said that the storm had moved 1200 miles in 
18 hours from the Gulf of Mexico as a '*wave" wlth- 
out high-wind velocities. Between 11:20 A.M. and 
12:20 P.M. at altitudes ranging from 7000 to 8500 
feet, Mr. Schaefer dropped about 25 pounds of granu - 
lated dry ice along a line running from southeast to 
northwest, about 15 mlles westof Schenectady. The 
wind at this height was about 20 miles per hour, At 
this time, the ground level temperature was -2C; 
the temperature reached a minimum of -PC at 3500 
feet and then increased to a maximum of -5.59C at 
6000 feet and then decreased steadlly to -119C at 
8500 feet. Radiosonde data at Albany at 10 A.M. 
showed that between 2500 and 4000 feet the air was 
dry, the relative humidity being only 30 percent. 
Schaefer found the air tobe very clear at thls height, 
but about 4000feet there was a lightdrizzling rain 
that collected onthe windshield but not onthe leading 
edges of the wings. This means that the rain or 
drizzle was evaporating as it fell and water or ice 
was evaporated off the leading edges of the wing but 
not off the windshield. There was no definite level 
of celling; no cloud layer could be seen above. The 
ground could still be seen at 9000 feet, but thelight 
drizzle was somewhat more intense at this level. 
There appeared to be no fog clouds and the poor 
visibility was due to the drizzle. Since the plane 
could not fly higher without losing contact with the 
ground, it was decided to drop the dry ice fromthe 
height of 8500 feet. 


Flying back along the line of seeding, it was found 
that the drizzling rain had stopped, and there was 
snow inthe air which was found to drift Into the 
cockpit through a partly opened window. Uponreach- 
ing the end of the seeded line, however, the same 
drizzle conditions were encountered. After three 
seeding runs along the same line, the plane returned 
to Schenectady without noting any marked change in 
the general cloud conditions, The plane then de- 
scended to 4000 feet where the visibility was better 
and flew east to the Hudson River and up along it to 
Mechanicville, a distance of about 25 milesfrom 
Schenectady. From Mechanicville a large cloud of 
Snow was Seen which extended from the Green Moun- 
tains of Vermont tothe Sacandaga Reservolr,a dis- 
tance of about 35 miles. The plane then flew along 
the southwest edge of this cloud and found that quite 


dense snow, consisting of small crystals, was falling 
and was nearly reaching the ground. This was at 
about 1:15 P.M. No snow could be seen inany other 
direction. Over the airways radio, we heard that at 
1:45 P.M. light snow began falling at Glens Falls, 
This had stopped at 2:15 P.M., but itwasthen snow- 
ing at Ticonderoga, Later it started snowing at 
Burlington, which is about 150 miles from Schenec - 
tady, 


At 2:15 P.M. it started snowing in Schenectady 
and at many other places within 100 miles. It 
snowed at the rate of about one inch per hour for 
eight hours bringing the heaviest snowfall of the 
winter. We do not belleve that this snowstorm was 
caused by our seeding experiments, but we do be- 
lieve that with weather conditions as they were, we 
could have started ageneral snowstormtwo to four 
hours before it actually occurred, if we had been 
able toseed above the clouds during the early morn- 
ing, 


FLIGHT TEST OF MARCH 6, 1947 


A B-25 Army plane flew ona north and south 
line above 15 miles long approximately 10 miles 
west from Schenectady dropping about 15 pounds 
of dry ice. They flew justover the tops of the clouds 
which were at about 6000 feet. The clouds were 
above 2000 feet thick and covered the entire sky, 
Soon It was seen that a great deep groove had been 
produced along the top of the cloud of the seeded 
area, but the plane did not climb more than a few 
hundred feet above the clouds and was not able to 
take good photographs. On the ground, however, 
we Saw great Sheets of snow falling along a line 
which seemed to be about 20 miles long. We could 
gradually see this snow descend until in another 
20 minutes it reached the ground in Schenectady 
and on hills 20 miles north of Schenectady. During 
this time, the sky cleared up ina spectacular fashion 
so that there was soona cloudless area 20 miles 
long and five miles wide and there were no other 
breaks Ln the overcast in any direction, Around the 
edges of this clear areaone could still see the snow 
falling for more than an hour until the area drifted 
far to the east. 


FLIGHT TEST OF MARCH 7, 1947 


On this day also, the sky was completely over - 
cast but the clouds were only about 1000 feet thick 
at a height of about 5000 feet. This time the plane, 
after seeding a line about eight miles in a north- 
south direction, circled to a height of 2500 feet above 
the cloud and took a few photographs, Measurements 
from these photographs show that, after about 20 
minutes, the seeded area showed up as a definite 
dark band about eight miles long andone mile wide. 
Two photographs were taken which showedthat snow 
was falling to the ground and, in a few places, the 
ground could be seenthrough these openings. Un- 
fortunately, the plane did not remainlong enough to 
photograph what we clearly saw from the ground - 
the cleared area developing where the seeding had 
taken place. 
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FLIGHT TEST OF MARCH 12, 1947 


Onthis day there were only broken cumulus clouds 
at 5000 feet and, although many of these were changed 
to snow,the results are of comparatively little in- 
terest, 


FLIGHT TEST OF APRIL 7, 1947 


Our technique for conducting these flights and 
making observations of the results had greatly Im- 
proved by this time, and the results are recorded 
ina set of 27 photographs which show, ina very 
striking way, the kind of results obtained by seed- 
ing stratus clouds, 


On the ground the temperature was 48°C j over- 
head was a nearly continuous coverage of cumulus 
type clouds with bases at about 2500 feet where the 
wind velocity was 48 miles per hour from the west- 
northwest. There were a few breaks (about five 
per cent)betweenthe cumulus clouds and up through 
these we could see that there was a thin overlying 
layer of stratus clouds through which the sun could 
sometimes be dimly seen. The disk of the sun was 
sharp indicating that the cloud consisted of water 
droplets. During the flight, the following tempera- 
tures were observed; at the cloud base, -4°C; at 
the top of the upper layer at 6700 feet, -7°C; and 
at 15,000 feet, where most of the photographs were 
taken, -17°C. 


In flying up through these clouds, It was found 
that the plane cameout through the cumulus clouds 
into the open at about 5000 feet but the tops of the 
cumulus clouds were very irregular. At 6000 feet 
the plane entered the second layer which was of 
the stratus type about 700 feet thick and thislayer 
was very free from turbulence and the top was very 
flat. 


A seeding run was made at 4:40 P.M. just over 
the top of the upper stratus layer. This seeding 
was done ina line forming a letter L; the plane 
flew for one minute toward the west (magnetic) and 
during the next minute it turned gradually through 
a 90-deg angle to the south and then flew for one 
minute toward the south. Since the plane was flying 
at an indicated air speed of 205 miles per hour, the 
total length of the seeded line was about 11 miles. 
A total of 25 pounds of dry ice was dropped, about 
half of this being in the form of pellets 1/4 inchin 
diameter and the other half broken fragments run- 
ning from 1/2 inch to 3/4 inch in diameter; these 
larger pieces were used to make sure that the seed- 
ing would extend through both layers of cloud. 


Immediately after the seeding run, the plane 
turned ina circle to the left and climbed to 9000 
feet. The first photographs, taken six minutes after 
seeding, showed that the end of the line which was 
last seeded was 0.3 mile wide, whereas, at a point 
half way back along the seeded line, the width was 
0.6 miles wide. For a total of about one hour, the 
plane circled the seeded area, first at an altitude 
of 11,000 feet and then at 15,200 feet. At the higher 
elevation, the plane flew so that the nearest part 
of the seeded area was about six miles away so that 


the whole of the seeded area could be Included in 
photographs which also showed the horizon. 


Knowing the height of the plane abovethe clouds 
(8500 feet, or 1.61 miles), a measurement of the 
vertical angles made it possible to calculate the 
distances of selected points on the perlmeter of the 
area. By plotting these distances, together with 
the horizontal angles, or azimuths, on polar co- 
ordinate paper, it was possible to construct maps 
Showing the development of the seeded area with 
time. 


The L-shaped formof this area was always very 
distinct. Depending upon the relative position of 
the sun andthe area in question, the seeded area 
sometimes appeared brilliantly white onthe dark 
background of the cloud, while at other times it 
appearedas a dark area ona brilliantly white cloud, 
When the area was between the plane and the sun, 
the reflection from the ice crystals in the seeded 
area could be seen clearly, but no such effect was 
ever observed on the unseeded areas. 


The photographs show that, within 30 minutes 
after seeding, the seeded areahad grownto a length 
of about 15 miles and an average width of about 
three miles, giving a total area of about 45 square 
miles. The edges were still extremely sharp, show- 
ing that there was no horizontal turbulence within 
the original stratus cloud. Within the first 10 min- 
utes after seeding, there was some Indication of 
heat evolution which showed that Some of the snow 
formed was carried up above the level of the un- 
disturbed stratus cloud. Gradually the top ofthe 
seeded area subsided and, 35 minutes after seeding, 
the top of the snow was about 1000 feet below the 
level of the top of the stratus clouds. The photo- 
graphs showed that the area thenlooked almost like 
a canyon cut into the top of the cloud. Probably be- 
cause of the lower cumulus layer which, was pre- 
sumably moving at a different velocity, the ground 
could not be seen through the seeded area, as had 
been observed in several previous flights. 


After about 45 minutes, although the edge of the 
Seeded area remained very sharp, It could be seen 
that above the snow, which had subsided, new stratus 
clouds began slowly to be formed. This, however, 
Never covered more than half of the seeded area 
and there new clouds were very thin. 


About 40 minutes after the end of the seeding, 
a new phenomena was observed. Clouds of cumulus 
type began forming In long ridges in a general north- 
south directlon, These formed, however, only to 
the southeast of the seeded area and did not extend 
to the north, south, or west. They seemed to be 
first visible in the east and gradually reached the 
Seeded area Itself. These cumulus clouds reached 
heights of about 1500 feet above the stratus level. 


Directly above this disturbed area, at an altitude 
of 18,000 feet, a group of alto-stratus clouds of 
lenticular form were generated, These were prob- 
ably produced by the uplift of the lower layers from 
these ridges of cumulus-stratus extending through 
the stratus. 


I think it ts probable that this disturbed area 
was due to a combination of two effects. With a 
strong westerly wind,the plane and the seeded area 
had been drifting toward the Berkshire Mountains 
in Massachusetts and this caused tne underlying 
cumulus clouds to grow to greater height. However, 
the Green Mountains, together with the Berkshires, 
form a continuous wall which gradually increases 
in height toward the north, but there was no sign 
of this type of cloud over the Green Mountains. In 
fact, the cumulus clouds did not extend at all north 
of the seeded area. I belleve, therefore, that the 
underlying cumulus layer which was seeded had 
been moving toward the southeast at a velocity 
somewhat higher than the upper stratus layer, and 
that the heat evolved by the development of snow 
clouds in the lower layer contributed to a marked 
degree to the development of these cumulus ridges. 
The area thus disturbed seems to be about 150 miles 
within an hour after seeding. 


Unfortunately, we have no observations of the 
area from which snow was falling from these clouds. 
Probably little or none reached the ground except 
in the Berkshire Mountains. In the future, it is 
planned to use two or three planes in such tests. 
One plane will be used at about 25,000 feet to take 
photographs of the seeded area, one plane will do 
the seeding at the cloud level and will then take 
photographs about 3000 feet above this level, and 
the third plane will take photographs below the 
clouds so as to show the area from which the snow 
falls. 


CONCLUSIONS 


The results of these tests show that the nuclea- 
tion of clouds spreads at a very high rate for at 
least an hour after the clouds are seeded from a 
plane flying over the tops of the clouds. The rate 
of lateral spreading is approximately three miles 
per hour on each side of the seeded line, sothat 
one can expect a line within one hour to growto a 
width of at least five miles. Thus, a plane flying 
at 200 miles per hour should be able to nucleate 
completely about 15 square miles per minute of 
flight, or roughly 1000 square miles per hour. Our 
experlence has shownthat, In general, a single layer 
of clouds in the seeded area within less than a half 
hour becomes clear blue sky as seen from the 
ground. Thus, within 15 minutes, It should be possi- 
ble for a plane to clear a hole for itself downthrough 
which it could fly without encountering icing. 


Furthermore, lt appears in many cases that a 
plane after leaving the ground should be able to fly 
up to the base of a stratus layer In which there ls 
dangerous icing and, by dropping dry ice, would be 
able to clear for itself a path up through which It 
can fly without encountering icing. 


The results would also indicate that it should be 
possible to seed clouds that are being lifted onthe 
windward side of a mountain range Lf the tops of 
these clouds are below freezing. By seeding in 
these areas, snow should be produced, which should 


fall down through the cloud and produce ratn in the 
lower layers. In thls way, it may be possible to in- 
crease greatly the rainfall in mountainous areas 
during winter months and so produce reservesof 
rain or snow which can be used for irrigation pur - 
poses for the summer months. Since, however,the 
air moves through such clouds while they remain 
fixed, it wlll be necessary to seed them continu- 
ously, as long as the rainfall lasts. 


We have reports from Australia on seeding ex - 
periments which will soon be published in Nature. 
(A note has already been published in Weather 
Bureau Topics and Personnel, April 1947, Page 106,) 
Eight experiments have thus far been made in clouds 
whose tops average 22,000 feet and with a freezing 
levelat 18,000 feet over a 4000-foot mountain range 
150 mlles from Sydney. Rain fell within the area 
within15 minutesafter droppingthe dry Ice pellets. 
“On one occasion, the cloud top boiled up to an 
estimated 36,000 feet with a typical "anvil" forma- 
tion and one inch of rainfall was reported.” 


It seems probable that, if dry ice is droppedover 
incipient thunderstorns as soon as the tops reach 
the freezing level, the development of the storm 
may be profoundly modified. The storms should be 
less severe, but will last longer and hail should be 
avoided. I have been told by a representative of 
an insurance company that in three westernstates 
the annual damage to crops by hail amounts to 
$15,000,000. It would seem that much of this 
damage could be avoided by seeding the tops ofthe 
clouds. 


USE OF SILVER IODIDE AND OTHER SUB- 
STANCES AS ICE NUCLEI 


Dr. Vonnegut found in November, 1946 that very 
fine particles of silver iodide at temperatures below 
-5°C serve as effective ice nuclei. Particles that 
are effective are about 10-9 indlameter. By intro- 
ducing silver iodide into a flame so as to vaporize 
It and by blowing a jet of alr across the top of the 
flame to quench it quickly, it should be possible to 
produce 1017 ice nuclei per second from one gen- 
erator without having any increase in particle size 
because of coagulation. In the smoke generators 
which we produced during the war, the number of 
smoke particles produced per second is also 1017 
per second and it was shown that these particles 
did not grow by coagulation. Since the law which 
governs the coagulationof smoke particles indicates 
that the coagulation depends only on the number of 
particles per cubic centimeter and noton the dlam- 
eter, we may conclude that we should be able to 


generate the same number of nuclel per second as 
we did with the smoke generator. 


An advantage in the use of silver iodide is that 
the muclei that are formed do not evaporate nor 
melt, and, therefore, they can remainfor long peri- 
ods in the air until they come into the presence of 
supercooled water droplets and so produce their 
effects. The nuclei produced by dry ice are, of 
course, minute ice crystals which will evaporate 
and melt when the air is dry or the temperature 
rises above 1°C. 


With the silver iodide it should be possible to 
do the seeding of the cloud over great areas by 
means of silver iodide generators placed on the 
ground, This will be particularly useful where it 
is desired to seed thunderstorms or clouds onthe 
windward sides of the mountainpeaks. In both cases, 
the nuclei couldeasily be drawn up into the clouds. 


The cost of nucleationof this kind would be very 
low incomparisonto that which requires that planes 
fly above the clouds. Experiments will soon be 
underway to try the silver iodide nucleation by flight 
within supercooled clouds. 


WIDESPREAD EFFECTS 


The. amount of silver required for nucleation by 
Silver iodide is entirely negligible, so the cost of 
the silver iodide would not be appreciable. Un- 
doubtedly many other substances will be found which 
will be effective nucleating agents, 


If it thus becomes possible to use generators on 
the ground to introduce ice nuclei intohuge masses 
of air, it might be possible to alter the nature of 
the general cloud formations over the northern part 
of the United States during the wintertime, I would 
anticipate that It would decrease the cloudiness, It 
would prevent ali ice storms, all storms of freezing 
rain, and icing conditions inclouds. By changing the 
cloudiness, it would change the albedo and thus 
change the amount of heat absorbed from sunlight. 
It should be possible to change the average tem- 
peratures of some regions during the winter months. 
Obviously experiments producing widespread effects 
should be made in relatively unpopulated regions 
such as Alaska or Northern Canada. 


The nucleation of clouds by dry ice pellets or 
silver iodide provides an easy way of marking and 
studying the turbulence within clouds. If we can 
understand the effects that can be observed after 
seeding, we should know much more about the tn- 
ternal structure of clouds. This would prove of 
great value to meteorologists. 


III. TECHNIQUES FOR SEEDING CLOUDS WITH ICE NUCLEI 
Vincent J. Schaefer 


Since July, 1946 when the first experiments were 
made in our laboratory converting a supercooled 
cloudto snow, a number of experimental techniques 


have been developed for seeding natural clouds in 
the atmosphere. Some of these will be summarized 
inthis report. It has been shown(1)that supercooled 


liquid water droplet clouds can be forced to form 
snow crystals by localized cooling below -35°C 
(-3PF). One of the easlest ways to accomplish this 
is to use dry Ice which has a temperature of -78.59C 
(-110°F). 


The Initial cloud modification experiments were 
made using granulated dry ice and all subsequent 
experiments to date have employed this material. 
From the economic standpoint, it is unlikely that 
the use of dry ice will.be superseded by foreign- 
particle nuclei except in special cases. Foremost 
among such special cases will be those conditions 
where it is desirable or necessary to introduce 
active ice nuclei in regions of the atmosphere hav- 
ing temperatures above freezing. For such condi- 
tions, foreign particle nuclei such as silver iodide, 
zinc oxide or other active sublimation nuclel will 
be indispensible sincethe ice crystals produced by 
the use of dry ice evaporate unless they are formed 
in alr cooler than 0°C (32°F) supersaturated with 
respect to Ice. a 


Another instance where foreign particle nuclei 
assume importance Is in situations where dry ice 
or cylinders of COg are notavallable. A limitation 
to the use of foreign particle nuclel is the factthat 
such particles do not serve as active ice nuclel 
until the alr containing them is colder than -59C 
(239F) and in some Instances, depending on the par- 
ticle size, -109C (149F). It is, of course, also nec- 
essary,as with dry ice,that the air be supersatu- 
rated with respect to ice before water vapor 
crystalizes to form visible tce crystals. 


TYPES OF DRY ICE 


Commercial dry ice is normally obtainable in 
10-inch cubes, such a block having a weight of 50 to 
55 pounds. If allowed to stand unprotected in a 
room at 20°C, a block will sublime to the gaseous 
state In about eight hours. 


There seems to be, in general,two types of dry 
ice commercially available. One of these is the 
by-product of certain chemical processes and con- 
tains some impurities, The other isa direct product 
(containing little impurity) which is formed from 
coke or other direct sources of CO;. 


1. The Production of Ice Crystals in a Cloud of 
Supercooled Water Droplets. V., J. Schaefer. 
SCIENCE, 104, pp. 457-459, (Nov. 15, 1946), 


For reducing blocks of dry Ice to pieces larger 
than a grain of sugar and not greater than 3/8 inch 
in effective dlameter, the by-product type of dry 
ice has proven to yield the greater quantity of use- 
able particles when ice chipping machines are used, 
This might be related primarily to the method of 
compression employed in the preparation of the 
blocks. 


It has beenfound that the highest yleld is always 
obtained with the denser grades of dry Ice. 


PRESENT METHOD OF PREPARING GRANU- 
LATED DRY ICE 


The present method used in this laboratory to 
prepare granulated dry ice ls a simple but some- 
what tedious procedure. A 10-inch cube of dry ice 
is broken into eight or ten chunks witha mallet 
and chisel. These chunks are then passed through 
a motor or hand-driven ice-chipping machine. By 
sieving the fragments with 1/2-Inch and 1/16-inch 
mesh sitters, the larger fragments and fine powder 
are easily segregated from the granular portion 
Suitable for seeding experiments. The fragments 
which are too large to pass through the 1/2-inch 
mesh are again put through the chipping machine 
or arereduced to proper size with pointed or edged 
tools. About 100 pounds of dry ice can be granu- 
lated by two workers tn less than an hour. 


Powdered dry ice is removed primarily to elimi- 
nate caking which occurs 1f the granulated material 
is stored for more thanan hour or so. It should be 
mentioned, however, that the “powder” may be 
used very effectively in certain types of seeding, 
Caking develops to only a minor degree Uf moist 
air 1s kept away from the powder fragments. 


OTHER METHODS OF GRANULATING DRY ICE 


Flifty-pound cubes of dry ice may be cut into 
slabs 3/8 inch wide by using a band saw. Cutting 
with a coarsetoothed saw proceeds along a 10-inch 
face at a speed of one cm/sec. 


Experiments have been tried to reduce slabs 
of dry ice to small pellets by cracking them by 
manual methods. The “horny” property of the 
"ice" makes this difficult to accomplish. It Is 
believed that a mechanical method can be devised 
which would produce suitable fragmentation, The 
easlest way would probably employ a palr of rolls 
having corrugations or spikes spaced so that the 
thin slabs passing through would be fractured so 
the resulting fragments would be in the desired 
size range. 


STORAGE OF GRANULATED DRY ICE 


After sievingthe fragments, the useable residue 
is stored incorrugated cardboard boxes. We have 
found that a box 8 by 8 by 6 inches surrounded by 
a 1-inch layer of pack felt and placed within another 
box 10 by 10 by 8 inches will hold about 13 pounds 
of granulated dry ice. More than 50 per cent of 
Ioose granulated particles remain when stored for 
24 hours in such a container, Fortunately, the 
granulated particles do not tend tocake when stored 
inthis manner. A slow sublimation occurs which 
leads gradually to the formationof rounded pellets, 
A considerable decrease in loss can be achieved by 
packing the boxes inclose contact with each other, 
particularly if a considerable batch is prepared 
at one time. It is desirable, if possible, to store 
them tn a cold chamber, or outdoors if the air is 
cold. 


When the boxed granulated particles are placed 
in the seeding plane, the inner boxes are removed 
from the Insulated storage containers to reduce the 


bulk. Since the dry ice is generally used withina 
short time, there is little advantage in retaining the 
insulation. 


PARTICLE SIZES NEEDED FOR VARIOUS 
TYPES OF SEEDING 


On August 16,1946 inashort report(2) Langmuir 
Included a table showing the distances dry ice pel- 
lets of different sizes would fall and the length of 
time required, These values were based on theo- 
retical calculations which have subsequently been 
roughly checked by experimental observation. The 
table is copied directly from Langmuir's report. 


TABLE I 


The Fall of CO% Pellets through the Air at -20°C 
and at Height 2000 M 


Pellet Time to Distance to 
Diameter Velocity End of Fall End of Fall 
Cm Cm/sec Sec Meters 
2. 2850 760 14,000 
1. 2120 350 4,300 
0.4 1420 127 1,130 
0.2 950 59 330 
0.10 564 26 82 
0.04 233 8 10 
0.02 105 3: 1.6 
0.01 41 1 0.3 


Experimental observations have indicated that 
the values in the third and fourthcolumnof Table I 
tend to be somewhat greater than found by actual 
observation. Since these values are based on quiet 
alr and many actual conditions suitable for seeding 
Involve convective clouds, we have in general used 
particles aslarge as one cm in average cross sec- 
tion. Special cases require even larger particles. 
Very thick clouds or the presence of two cloud 
layers separated by a thousand feet or more of 
clear space between them require particles up to 
two cm in cross section if both cloud systems are 
to be seeded by one flight over them. 


2. Memorandum on Introduction of Ice Nuclei into 
Clouds. Irving Langmuir, General Electric Re- 
search Laboratory (August 16, 1946). 


SEEDING TECHNIQUES WITH GRANULATED 
DRY ICE 


Our seeding experiments in November, 1946 
Showed that considerable effect can be obtained by 
introducing dry ice in the cloudless region imme- 
diately below a supercooled cloud. Langmuir sub- 
sequently pointed out that the region under a super- 
cooled cloud is supersaturated with respect to ice 
and, therefore, Lf seeded, would produce ice crystals. 
The vertical distance in which this may be done 
amounts to about 10 meters per degree centigrade 
ofsupercooling, Thus we observed inour November 
13 experiment that, when the base of the cloud had 
a temperature of -18°C, visible draperies of snow 
formed immediately to a distance of nearly 600 
feet below the visible cloud base. 


A later flight was made to study this effect. A 
flight was made at the base of a supercooled cloud. 
A snow region formed instantly along the seeded 
region which looked like a trail of smoke. This 
Spread outward and upward into the base of the 
visible supercooled cloud subsequently seeding it. 


In an experiment which produced a snow area 
more than 35 miles long, all of the seeding was 
done in the base of a solid overcast. Forsuch 
experiments, it is wasteful of material if dry ice 
particles greater than 0.2 cm diameter are used, 
sincethe avallable region rarely exceeds 330 meters 
below the base of the supercooled cloud. 


The method recommended for any large scale 
seeding with dry ice isto fly In contact or a few 
feet above the top of the supercooled cloud system. 
Granulated dry ice, the pellets having diameters 
between 0.2 - 1.5 cm or larger, (depending on the 
thickness of the supercooled region) should be re- 
leased at the rate of at least a pound per mile. If 
the vertical thickness of supercooled clouds exceeds 
3000 feet, the quantity of dry ice released should 
be doubled. Flight paths atright angles to the wind 
Should be made so that adjoining seeded regions are 
about three miles apart if the supercooled reglon 
is 2000 feet thick. This distance may be increased 
to five miles if the supercooling extends to a depth 
of 5000 feet. 


SEEDING OF POTENTIAL THUNDERSTORM 
CLOUDS 


For cumulus congestus systems of the type which 
lead to thunderstorms, the amount used should be 
further increased, Spectacular results have been 
achieved recently(3) in Australia using a hundred 
pounds of granulated dry ice in a localized region, 
Quantitative experiments should be made this sum- 
mer with such systems to establish the optimum 
quantities needed for modifying these highly con- 
vective clouds. It is desirable, lf possible, to seed 
such clouds from above although seeding flights 
through the cloud would also be effective. It should 
be remembered, however, that dry ice iseffective 
only in the supercooled regions of clouds. Any par- 
ticles placed inclouds warmer than 32°F (00°C) are 
totally wasted. See Part V11 of this report for further 
details, 


3. Experiments onthe Stimulation of Clouds to 
Produce Rain. E.B. Kraus and P. Squires. 
NATURE, 159, p. 489 (April 12, 1947). 


USE OF COMPRESSED CO% TO PRODUCE ICE 
NUCLEI 


Another convenient and inexpenslve source of 
ice nuclei is available in cylinders of liquid CO». 
When the valve on a cylinder is opened a dense 
spray of dry Ice forms from the sudden cooling of 
the expanding gas. Since much of the entrained air 
is brought into an environment below -359C, vast 
numbers of spontaneous ice nuclel are formed even 
if dry ice snow Is not produced. 


Although cylinders of CO» gas are often available 
when ordinary dry Ice is not, the latter Is to be 
preferred from the standpoint of both economy and 
effectiveness. 


In general, the release of compressed CO» from 
a plane or other moving source Seeds a line rather 
than the plane or sheet produced when pellets are 
dropped into the cloud. The compressed CO» is 
very effective for seeding the region under a cloud, 
however, and would probably be nearly as effective 
as crushed dry ice. It is best to release it in the 
region of greatest turbulence and alr velocity on the 
plane so that the nuclei are effectively scattered. 
It is also desirable to invert the cylinder so that 
the escape Is at the bottom;this leadsto the great- 
est production of dry ice snow. 


DEVELOPMENT OF CONVECTION WHEN A 
SUPERCOOLED CLOUD IS SEEDED 


It has been observed, both in our experiments 
and othersl3), that when a supercooled cloud is 
Seeded a considerable amount of convective move- 
ment develops. Calculations by Langmuir, the re- 
sults of which are included in this report, show 
that this convection is due to the heat of fusion as 
ice crystals form. The rise in air temperature 
occurs at the boundary between the ice crystals 
and the supercooled cloud droplets and can amount 
toas much as 0.8°C, This amount of heat might 
lead to a considerable convective movement, es- 
pecially In stratiform systems, However, the 
Australianexperlments indicate that, under proper 
conditions, the convection, even in cumulus, clouds 
can be accelerated by the sudden introduction of 
sufficient quantities of sublimation nuclel. 


SEEDING METHODS USING SILVER IODIDE 


In another part of this report, Dr, B. Vonnegut 
describes a method by which silver iodide can be 
produced to serve as ice-crystal nuclei. This 
method, typified by the ‘‘string burner generator" 
which used a cotton thread impregnated with silver 
iodide, if used in a plane, would seed a line through 
the air. 


Silver iodide has a considerable advantage over 
dry ice In the sense that its vapor pressure is so 
low that it will exist in the alr as a finite particle 
and potential sublimation nuclei for a long time. 
Thus, even though it is formed or is carried into 
air at above freezing temperature or low humidity, 
it servesas anactive sublimation nucleias soon as 
it enters a suitable environment. Therefore, one 
of the most effective seeding procedures would ap- 
pear to be, to do the seeding within or even below 
the base of a convective type cloud, the particles 
being carried up and into the cloud. As pointed 
out previously, even thoughthe base of such a cloud 
is warmer than 0°C (32°F), the sublimation nuclel 
formed in that region will become effective as soon 
as the right temperature ls reached and the alr is 
supersaturated with respect to ice. 


TEMPERATURE NEEDED FOR SILVER IODIDE 
TO ACT AS SUBLIMATION NUCLEI 


Experiments in the laboratory indicate that, Uf 
aparticle of silver iodide is toserve as an effective 
sublimation nuclel, the temperature of the air must 
be lower than -49C, Sucha temperature seems to 
be suffictent when the silver iodide particles are 
larger than 0.01 micron in diameter. When smaller 
than this size, temperatures as low as -8°C seem 
to be required for effective activity. 


USE OF GENERATORS AT GROUND LEVEL 


In considering seeding operations on a very 
large scale, an attractive possibility exists in the 
use of generators at ground level. Under atmos- 
pheric conditions having a dry adiabatic lapse rate, 
sublimation nuclel of the foreign-particle type gen- 
erated at ground level will be carried up and into 
the clouds. Even better possibilitles exist where 
orographic supercooled clouds form where moun- 
tain ranges interfere with the flow of cold moist 
air, thus forcing it to develop dense cloud systems. 
Particularly good conditions for seeding clouds by 
this method exist in the states of Washington and 
Oregon. Contact has been established with people 
in that region who are interested and anxious to 
conduct such experiments. Much information could 
be gained by establishing one or more generators 
in that part of the country. If successful, consid- 
erable amounts of water, in addition to that already 
precipitated, could probably be stored as snow on 
the mountain slopes for later use in irrigation 
projects. 


Preliminary studies along such lines could be 
made at the Mt. Washington Observatory. By plac- 
ing a generator at Fabyans or Pinkham Notch (de- 
pending on prevailing winds) at the Co-operative 
Stations of the U. S, Weather Bureau at both places, 
activities could be synchronized with the Observa- 
tory by either radio or telephone. By running a 
generator off and on during definite time perlods, 
any changes in the properties of the summit cloud 
and the development of snow onthe leeward side 
could be observed, 


SPECIAL SEEDING METHODS 


Two additional methods are under consideration 
for seeding supercooled clouds. 


Inthe case of a slow moving object, such as a 
K -type alrshlp, which encounters a serlous icing 
hazard whenever it enters a supercooled cloud, It 
is proposed that an Ice-nuclel generator be placed 
immediately in front of the nose of the ship. The 
nuclei generated at this location should be in such 
quantities that all of the supercooled clouds inter - 
cepted in flight will be immediately converted to 
ice crystals. Various methods are available in- 
cluding (1) use of solid CO», (2) use of gaseous CO9, 
and (3) sudden expansion of air so that its tempera- 
ture drops below minus 35°C, This latter procedure 
might be done by a series of high-pressure pop 
valves, although a "heat centrifuge" powered by 


an air compressor would probably be much simpler 
to construct and install. 


The second possibility involves the use of pro- 
jectiles which might conceivably be used to clear 
a path in front of a faster moving object such as 
anairplane. Bullets or similar projectiles dispens - 
ing compressed CO» or silver iodide might be shot 
from the nose of the ship, If they had a range of 
two miles, a periodof thirty seconds or more would 
be available for the ice crystals to use up the super - 
cooled cloud droplets before the arrival of the plane. 


THE GENERAL APPEARANCE OF WATER DROP- 
LET AND ICE CRYSTAL CLOUDS 


It is sometimes important, in making cloud- 
modification experiments, to be able to determine 
whether a cloud consists of ice crystals or super- 
cooled water droplets. This is of particular im- 
portance just before and immediately after a seeding 
experlment. 


The most important Item to check is the tem- 
perature of the cloud. If it is below 0°C (32°F), then 
there are several ways of telling whether the cloud 
is supercooled or contains ice crystals, 


If supercooled, a small black rod 1/8 inch in 
diameter exposed to the cloud will develop alayer 
of rime that Is easily visible. Upon enteringthe 
cloud from the top, if the sun is observed as it dis- 
appears from sight as a sharp edged disk, it isa 
good indication of water droplets. The sun Isoften, 
also, surrounded by a luminous, colored corona. 


When flying above a cloud, if the shadow of the 
plane is surrounded by a luminous, colored ring 
known as a "glory," the cloud contains water drop- 
lets. At times a white cloud bow can be seen having 
the same 42-deg angular displacement of the colored 
rainbow. Another general feature of a water droplet 
cloud is its well-defined edges. 


Thus, the observable features which denote the 
presence of a supercooled cloud are: 


(1) Temperature below 0°C (32°F); 
(2) Ice formation on 1/8-in, collector; 


(3) Sharp-edged disk of sun when seen through 
thick cloud often surrounded with colored corona; 


(4) Presence of a “‘glory”’ around plane’s shadow 
and occasionally the appearance of a cloud bow. 


EFFECTS OBSERVED WHEN CLOUDS CONTAIN 
ICE CRYSTALS 


The optical effects observable whena cloud con- 
sists of ice crystals are also quite easily observed, 
As before, the cloud must be colder than (PC (32°F). 
When inthe cloud, little or no icing will be observed, 
although white spots will form on the leading edge 
of the wings if the snow particles are of appreci- 
able size. The deposit will not grow in thickness, 
however, unless there is also supercooled water 
present. The edge of the sun’s disk will appear 
fuzzy without a colored corona when ice crystals 
are present, Looking toward the sun, brilliant 22- 
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SEEDED AREA WITH REFLECTION 
OF SUN ON ICE CRYSTALS 


FIG. I 


deg and 46-deg halos are often observable some- 
times accompanied by sundogs, i.e., bright spots 
on a horizontal plane with the sun and just beyond 
the 22-deg halo. When above the cloud, 1f the ob- 
server looks down at the cloud top in the direction 
of the sun, a bright spot or streak will be seen at 
the same angle at which the sun is above the horl- 
zon. This resembles somewhat the luminous re- 
flecting path of the sun or moon seen on a lake 
slightly rippled by the wind. This effect ts due to 
the specular reflectionof the sun fromthe flat sur- 
faces of snow crystals and Is related to the sun 
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Pillar. Snow particles ina cloud are also easily 
seen when flying through them as either white or 
bright streaks depending on the illumination. This 
is not easily seen unless the plane is close to the 
crystals. 


When a cloud consists mostly of ice crystals, 
it has a satin-like appearance when viewed in the 
general direction of the sun and its edges are gen- 
erally quite diffuse. The reflectance from such a 
region is much different fromthat of a water -drop - 
let cloud, more sunlight being reflected and scat- 
tered ina forward directionthanto the rear, Thus, 
the cloud often appears whiter than an adjoining 
supercooled region when viewed toward the sun 
and isoften darker when viewed withthe sun behind 
the observer. Such effects are well illustrated by 
the photographs in Fig. 1. 


Thus the features denoting presence of ice 
crystals are: 


(1) Temperature below 0% (32°F); 
(2) No Ice on a 1/8-In. collector; 
(3) Fuzzy edge to the sun's disk; 


(4) Presence of halos, arcs, and sundogs around 
sun; 

(5) Presence of sunstreak or pillar in reflectance 
of sun from cloud; 


(6) Visible white or shiny streaks as snow ls 
passed by plane; 


(7) General diffuse edges to cloud; 


(8) Change in light reflectance as the relative 
positions of the sun and the cloud change. 


IV. INSTRUMENTATION DEVELOPMENTS FOR 
THE CLOUD STUDY PROJECT 


Raymond E, Falconer 


In addition to the standard aircraft instruments, 
including an aerograph, it has beenour responsibll - 
ity to supply the following instruments to be used 
in carrying out the Cloud Study Project.. 


AUTOMATIC DRY ICE DISPENSER 


This apparatus (see Fig.2) consists of a wooden 
hopper mounted over one end of a coarse, motor- 
driven screw. The hopper ts 14 inches high, meas- 
uring 8 by 10 inches at the top and 7 by 4 inches 
at the bottom. The screw is 2 1/2 inches indiam- 
eter by about 16 Inches long witha200 to 1 reduction 
gear box mounted on the driven end. A 1/4hp, 
24-volt d-c, 3600-rpm, aircraft motor operates the 
worm gear by means of a belt drive from a 2-Inch 
pulley on the motor shaft to a 3-inch pulley on the 
gear box, This arrangement allows about three 
pounds of dry ice pelletsto be dropped each minute. 
It was found at first that the dry ice tended to cake 
in the hopper and would not continuously feed the 
Screw unless the dry ice was kept continuously 
mixed up with some implement, This diíficulty 
was mostly eliminated by sifting out from the 
crushed dry ice all the fine "snow" which unavoid- 
ably accumulates in the crushing process, A more 
rugged gear box is on order to replace the one now 
in use, The new gear box will also allow the dry 
ice pellets to be dropped at a faster rate. 


The pellets of CO2 are dropped out of the plane 
through a funnel which was made to fit a 3-inch hole 
already existing in the floor near the tall of the 
B-25. The funnel tapers from 8 by 10 inches at the 
top downto a 3-iuch diameter cylinder in a distance 
of 6 1/2 inches The 3-inch cylinder section ex- 
tends below the plane about 12 inches. 


SILVER IODIDE GENERATOR 
This will be described elsewhere in the report. 


ICING RATE EXPOSURE RODS 


Lacking a suitable tnstrument for accurate deter - 
mination of liquid water content of clouds in below 
freezing temperatures, we can get some idea of 
whether there is light or heavy icing ina simple 
manner. This is done by exposing, through a hole in 
the side of the plane, a length of pipe having two 
sizes of cylinders mounted on the end. The large 
cylinder is one Inch indlameter by 6 inches long and 
is made of brass. Threads are tapped in one end 
so that tt wlll screw onto one end of an 18-inch length 
of 3/4-inch pipe. The small cylinder is 1/8 inch 
in diameter by about 21/2 inches long and is 
threaded to screw Into the endof the 1-1nch cylinder, 
The rods are exposed with thelr lengthwise axis at 
right angles to the airflow. The cylinders were 
glven a coat of black paint to aid in observingthe 
ice formation. Four sets of this type of collector 
were made. 


Another type of collector is a cone turned out 
of hard wood with a 1/8-Inch rod set into the small 
endand the larger end tapped to fit an 18-inch length 
of 3/4-inch pipe. The cone itself is 7 inches long 
tapering from a 1 1/2-tnch diameter down to 1/4 
inch. This wasalso given acoat of black paint and, 
in addition, a scale marked off in centimeters was 
painted on in white starting from the small end. 


Whenexposed, the rods are kept slowly rotating. 
The ratio between the amounts of Ice collected (by 
welght and by increase in diameter)on the two cyl- 
inders gives the added information necessary to 
determine collect Ale efficiency, dropsize, and 
liquid water content 1), The distance along the cone 
that Ice accumulates is also indicative of drop size, 
etc. A set of numbered glass jars has been pro- 
vided so that after ice has been collected, the col- 
lector and ice can be put into a jar and later the 
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FIG.2 DRY-ICE DISPENSER 


amount of ice collected can be determined by weigh- 
ing the melted ice. 


The advantage of having the small 1/8-inch rod 
exposed isthatoccasionally the pilot will fly through 
a cloud and report no icing. He may report this 
mainly onhis observationthat there is no ice build- 
ing out on the leading edge of the wing. As far as 
he is concerned, there is no icing to worry about 
and in that sense, his report is justified. However, 
if he is ina cloud there will be icing and if the drops 
are very small, there will belittle or no depositon 
an objectas large asthe ledding edge of an airplane 
wing but there will be a deposit on an object as 
small as the 1/8-inch rod. 


CLINOMETER ATTACHMENT FOR CAMERA 


It became evident in our early flights that it 
would be necessary, when taking photographs of the 
Seeded areas, to know the vertical angle at which 
the camera was pointed. Consequently we made a 
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very simple device to attach to the camera which 
would indicate its angle of inclination at the time 
the picture is taken, The device is simply afreely 
moving pointer-arm which isthe radius of a circu- 
lar scale of degrees. The scale is stamped onthe 
outside vertical face of a rightangle made by bend- 
ing a sheet of 6 by 4 by 1/16-inch brass. The hori- 
zontal arm of the brass angle is clamped to thetop 
surface of the camera. Before taking a picture, 
the pointer arm canswing freely, always remaining 
in a vertical position regardless of what angle the 
camera is tilted from the vertical. At the moment 
a picture is taken, a small finger-operated plunger 
is pushed which causes a wedge to come against 
the small shaft on which the pointer arm moves, 
The friction thus caused will hold the pointer arm 
in whatever position it is in at the time the plunger 
is pushed and, therefore, the angle of inclination 
is indicated directly on the scale. 


1.a. A Mathematical Investigation of Water Drop- 
let Trajectories. Irving Langmuir andKather - 


ine B. Blodgett. Contract W-33-038-AC-9151, 
(December, 1944 to July, 1945.) 

b. The Multicylinder Method. Mount Washington 
Observatory Monthly Research Bulletin, No. 6, 
Vol. II (June, 1946). 


G-E WIRE RECORDER 


This instrument is borrowed from the G. E. Re- 
search Laboratory and is used to record radio 
conversation between the airplane making the test 
flight and the observers in the tower at the Schenec - 
tady Flight Test Airport, Notes onground observa- 
tions are spoken into the microphone of the recorder 
and later taken down tn writing by playing back the 
voice record. 


CLOUD METER 


In preparationfor the summer program of cloud 
studies, other instruments are being developed. 
One instrument, for the measurement of liquid water 
content of clouds, is a modification of Schaefer’s 
cloud meter using a porous plug collector 2), 


The principle of the cloud meter ls to allow 
water, which seeps through the porous plug, to col- 
lect into a small drop on the end of a tiny copper 
tube. Another similar tube, through which there is 
a constant suction applied, is mounted so that its 
openend is within1/32 inchto 1/16 inchof the other 
tube on which the drop is formed. The two small 
tubes act as electrodes and are connected inseries 
with a d-c battery source (6 to 22 1/2 volts) anda 
G-E Photoelectric Recorder. Whenever a drop is 
formed on the end of one tube, it will momentarily 
be incontact with both tubes just before being drawn 
away by the constantly applied suction. The con- 
ductivity of the water drop during this briefcontact 
causes a small current to flow through the P. E. 
recorder and is registered by a deflection of the 
needle. Thus, every drop that passes between the 
electrodes is registered as a deflection on the re- 
corder. By knowing the weight of a drop thus 
formed and counting the number of deflections, an 
indication of the amount of liquid water content may 
be obtained. 


The modified version of the cloud meter substi- 
tutes a constant suction from an external vacuum 
source for the original suction obtained from acon- 
stant 20 cm head of water maintained in the “‘drop- 
ping" tube. The exposed part of the new cloud 
meter has a blunt-nosed, bullet shape being about 
1 1/2 inch long by 7/16 inch diameter through most 
of its length. It tapers at the porous plug end to an 
opening of 5/32 Inch. This unit is mounted inthe 
end of a 25 1/2 inch by3/4 inch bakelite tube which 
in turn slides through a sleeve mounted in the nose 
of the plane, This allowsthe porous plug to be taken 
out at wlll and primed, if necessary, and also allows 
an adjustment of the length the unit protrudes Into 
theairstream. Wires fromthe recorder to the elec- 
trodes and the suction line tubing from the vacuum 
Source (through a water trap) lead from inside the 
plane through the bakelite tubing to the porous plug, 


2.a. Report on G. E. Cloud Meter (Plane Model). 
V. J. Schaefer. Contract W-33-038-AC-9151. 
(August 16, 1945.) 

b. ReportonIcing Studies Underway on Mt. Wash- 
ington, N. H. and at Schenectady, N. Y. up to 
January 20, 1945, V. J. Schaefer. 


If this cloud meter works satisfactorlly, asec- 
ond one will be bullt tobe mounted at the stagnation 
point of a 1 1/2-inch sphere. Inthls way we will 
have, in effect, a large and small collector so that 
the ratio In collection efficlencles between the two 
can be used to indicate droplet size. The two col- 
lectors will indicate onthe same recorder by using 
one common lead from the recorder to each col- 
lector. The battery inthe other leadto one collector 
will be connected so that deflection in that circuit 
will swing the recorder pin In a positive direction 
while the connections in the other collector circuit 
will show negative deflection, 


GLASS ROD EXPOSURE GUN AND AIR DECEL- 
ERATOR 


Another instrument being made for the purpose 
of getting a rough check on droplet size is a sooted 
glass rod exposure gun and air decelerator, The 
air decelerator(3) is merely a serles of four con- 
centric.cones spaced about one inch apart on three 
supporting rods. It is mounted horizontally so that 
the small end of the leading cone points into the 
airstream. Alr of much lower velocity is available 
at the center of the large end of the rear cone since 
a good bit of the incoming air is “‘spilled out” be- 
tween the preceding cones. The decelerator is at- 
tached tothe plane by means of afunnel-shaped tube 
of aluminum whose large end is bolted to the large 
end of the rear cone whilethe other end of the fun- 
nel, which is a straight 2-inch tube, slides through 
aspecial collar built intothe noseof theship. From 
inside the plane, the exposure gun can be inserted 
Into the 2-1nch aluminum tube so that the small 
sooted glass rod set in the end of the gun can be 
quickly exposed to the '"'slowed-down'' air available 
at a point just Inside the small endof the rear cone 
of the decelerator. The exposure is accomplished 
by a trigger and lever arrangement that moves a 
cap which normally is set over the end of the glass 
rod to prevent moisture from touching it. When the 
trigger is pulled, the cap, of course, lifts upex- 
posing the end of the rod directlyto the airstream. 


The ends of the 1/8-inch dlameter by 1/2-inch 
long pyrex glass rods are treated with G-E Dri- 
Film No. 9987 and coated with soot da. me way 
glass slides have previously been used 4) It is 
felt the glass rods may be better to use since they 
can be handled much easier and they very neatly 
fit the gelatin capsules used for preserving them. 
The exposure gun has storage space in it for 15 
capsules. 


3. An Alr Decelerator for Use on De-Icing Precipi- 
tation Static and Weather Reconnaissance Planes. 
V, J. Schaefer, (January, 1945.) 


4, The Preparation and Use of Water Sensitive 
Coatings for Sampling Cloud Particles. V. J. 
Schaefer. Contract W-33-038-AC-9151. (April, 
1946.) 


ACCELEROMETER, ALTIMETER AND ELEVA- 
TOR POSITION RECORDER 


An instrument which we will also need is a re- 
cording accelerometer and altimeter. This instru- 
ment will aid in determining vertical velocities 
within the clouds as the plane flies through them. 
Such an instrument is available for our use here 
inthe General Electric Co.withsome modification. 
For instance, the chart speed of the instrument 
normally is one foot per hour while we need a speed 
nearer one foot per minute, We are, therefore, 
making the necessary changes in the chart carriage 
to obtain the faster speed. The accelerometer now 
used is rated -5 to +12 g and we have ordered one 
of +5 sensitivity. The record is obtained from a 
standard altimeter and accelerometer through a 
servo-mechanism consisting of a small Selsyn 
transmitter mounted onthe face of each instrument 
while the respective receivers are arranged to 
move a stylus across the pressure sensitive record 
paper. 

It is hoped that another stylus can be made to 
operate simultaneously onthis recorder so thatthe 
movement of the elevator control stick of theplane 
may be indicated. One way this can be done isby 
merely connecting a fish lineor similar strong cord 


from the stylus to the elevator control cables so 
that, -with the cord taut, the cable movement will 
be transmitted through the cord to the stylus, The 
stylus is connected so that the normal position of 
the control stick keeps the stylus in the center of 
the recorder paper and any variations from normal 
are indicated on the paper by movements of the 
stylus to right or left, 


We are also installing a visual indicator of ele- 
vator control position so that the pilot can see in 
front of him any changes he may make, This will 
be done by coupling a 50-ohm potentiometer to the 
elevator actuating arm and mounting a 10-0-10 d-c 
milllammeter Type DO-40 in the panel in front of 
the pllot. The milliammeter is connected in series 
with the potentiometer through a 30-ohm resistor 
and a 1 1/2-volt battery. 


Thus, on occasion, we may ask the pllot tofly 
through a cloud holding his elevator control ina 
fixed zero position as indicated by the milliammeter. 
This would be regardless of what changes in atti- 
tude the plane may be forced to make due toturbu- 
lence, updrafts, etc. Ifthe pilot is unable to hold 
his control stick at zero, the recorder will show 
how much he hadto move it so that, with the com- 
bination of records onthe same sheet, L.e. accelera- 
tion, altimeter change, and control stick position, 
we should be able to figure out the vertical velocities 
encountered in the cloud. This information will be 
compared with changes in droplet size recorded 
Simultaneously as a further check in developing 
Langmuir’s ‘“‘time-of-rise theory.” 


V. NUCLEATION OF ICE FORMATION BY 
SILVER IODIDE PARTICLES 


Bernard Vonnegut 


SUMMARY 


Asmoke made of large numbers of very small 
silver iodide particles serves as nuclei for the 
transformation of supercooled water clouds to ice. 
Depending on the size of the silver iodide particles, 
the transformation from water to Ice is brought 
about at -4°C to-8°C or lower, In contrast to the 
nuclei made of ice produced by low temperatures, 
silver lodide nuclei are unaffected by warm or dry 
conditions. 

Experimentation is underway on methods for the 
large scale production of silver iodide smoke for 
the purpose of nucleating natural supercooled clouds. 
Generators capable of producing 1013 particles per 
Second have been made, 


Tests on the effects of silver iodide smokes on 
natural supercooled cloud formations will be car- 
ried out. 


DISCUSSION 


Experiments made by V.J. Schaefer urthis lab- 
oratory and by B. M. Cwilong) In England showed 
that a wide varlety of powdered solids and smokes 
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was without appreciable effect in nucleating ice 
formation in supercooled clouds at temperatures 
above -209C. This experimentation on foreign nuclei 
was continuedto see whether particles of substances 
very similar to ice in crystal structure might not 
serve as nuclei for ice formation at temperatures 
closer to the freezing point. 


A search was made through X-ray crystallo- 
graphic data for substances resembling ice as 
closely as possible in crystal system, space group, 
and dimensions of unit cell. Two substances were 
chosen which are listed in Table II along with ice 
for comparison. 


These crystalline substances were tested to see 
M they would ^ct as nuclel for the formation of ice 
by dusting them as a powder into a supercooled 
water cloud in Schaefer's apparatus at a tempera- 
ture of -209C, 


Silver iodide was without apparent effect; how- 
ever,the introductionof lead lodide powder caused 
the formatlon of a number of ice crystals in the 
supercooled cloud. It appeared that far fewer ice 


TABLE II 
Space Lattice 
Substance System Group Const. 
Tee hex. D$, 4.535 7.41 (2) 
4 (3) 
AgI hex, ZnO Coy 4.5856 7.490 
Pbls hex. Di, 4.54 8.86 


1. B. M. Cwilong. NATURE, 155, pp. 361-362. 
(March, 1945). 


2. William H, Barnes. Proc. Roy. Soc. (London), 
A125, pp. 670-693, (1929). 


3. N. H. Kolkmeijer, W. J. D. von Dobbenburgh, 
H. A. Boekehoogen. Prov. Amsterdam, 31, pp. 
1014-1027, (1928). 


crystals formed than would have been expected 
Írom the number of particles of lead iodide intro- 
duced. 


The supposition that the lead iodide particles 
acted as nuclel because one of the dimensions of 
its unit cell was almost the same as that for ice 
was discarded when V, J. Schaefer discovered that 
iodoform crystals and iodine vapor behave in a 
similar way. The orthorhombic structure of iodine 
bears little relation to the structure of Ice. 


Later, investigations were made on the nucleat- 
ing effect of smokes produced by electric sparks 
between electrodes of various metals, It was dis- 
covered that a single spark between silver elec- 
trodes in the presence of iodine vapor produced 
many thousands of times as many ice nuclel as lead 
iodide particles or iodine vapor alone. It was then 
found that silver iodide smoke produced by heating 
Silver iodide ona hot filament or by dispersing it 
in a flame produced enormous numbers of nuclei. 
The fallure of the Initial experiment using silver 
lodide powder is attr Ibutedto the fact that the sample 
used was badly contaminated with soluble salts, a 
fact not known at the time. Powdered silver iodide 
without this impurity has since been found to serve 
as nuclel for ice formation. 


It is believed that silver lodide acts asa very 
effective nucleus for the formation of ice crystals 
because lt very closely resembles ice in crystal 
structure, It can be seen that both dimensions of 
the unit cell of ice and silver lodide are the same 
to within about one per cent, 


According to Dr. D. Harker of this laboratory, 
the arrangements of the atoms 1n the unit cells of 
ice and of silver iodide are almost identical despite 
their different space groups, The structure of Ice 
is the same asthat of silver lodide with the oxygen 
atoms occupying positions corresponding to the 
silver and iodine atoms. In silver iodide, each 
silver atom ts bonded tetrahedrally to four iodine 
atoms. In ice each oxygen atom is bonded tetra- 
hedrally, through hydrogen bridges, to four oxygen 
atoms. 


Iodine vapor alone or fine silver particles alone 
are without appreciable effect in forming ice crys- 
tals, at a temperature of -20°C. If the experiment 
is carried out using iodine vapor alone in a system 
closed to the atmosphere of the laboratory, iodine 
vapor soon loses its property of nucleating a super- 
cooled cloud. It ls belleved that iodine compounds 
and lodine vapor act to produce nuclel by reacting 
to form silver iodide with minute traces of silver 
inthe laboratory atmosphere. Such tracesof silver 
might be caused by sparks from electrical equip- 
ment using contacts made of silver or copper that 
contains silver. Exceedingly small amounts of 
Silver introduced Into a supercooled cloud in the 
presence of iodine vapor cause the formation of 
very large numbers of nuclei. One breath of air 
blown over a silver wire heated red will produce 
many millions of ice nuclei if it is introduced into 
a supercooled cloud containing a small amount of 
iodine vapor, 


' The temperature at which silver iodide becomes 
effective as a nucleus for the formation of ice has 
been tested in several ways, 


Measurements were made using the cold box in 
which small amounts of silver iodide smoke were 
introduced into a supercooled cloudat various tem- 
peratures, It was found that silver lodide smoke 
particles produced by vaporizing silver iodide on 
a hot wire became active as nuclei at a temperá- 
ture of about -49C or lower. The particle size of 
this smoke was about one micronindiameter. Finer 
particles in smokes produced by other methods, 
which will be discussed later, did not become active 
until lower temperatures. Particles of the order of 
0.01 microns in diameter do not serve as nuclei 
until the temperature is -8°C or lower. 


Experiments have been madeon the supercooled 
fog produced by blowing one’s breath on the cold, 
polished surface of a chromium-plated copper block. 
The water drops thus produced do not freeze until 
the temperature is -20°C or below in the absence 
of nuclei. It was found that freezing could be started 
in this film of liquid water drops by the addition of 
silver lodide powder if the temperature of the block 
was about -3.59C or below. It was found that apiece 
of silver iodide in atest tube of distilled water made 
it impossible to supercool the water much below 
-3,50C, 


GENERATION OF SILVER IODIDE NUCLEI 


In experiments using the home-freezer coldbox, 
the generatlon of silver iodide particles to serve 
as nuclel poses no problem. Adequate numbers of 
nuclei to convert a supercooled cloud to ice parti- 
cles canbe produced ina variety of ways in addition 
to those already mentioned. If an ordinary safety 
match ls rubbed across a silver coin and then struck 
in the presence of iodine vapor, enormous numbers 
of nuclel results. The same effect can be obtained 
if a trace of silver iodide is applied to the head of 
the match before it Is struck. 


When one contemplates the use of silver iodide 
for the large scale seeding of natural cloud systems, 


the economical production of large numbers of sil- 
ver iodide nuclei is a more difficult problem, The 
cost of silver iodide is approximately $20.00 per 
pound. In order to get the largest number of nuclei 
per unit weight, It is necessary that the particles 
be made as small as possible. It has been found 
that particles as smallas 0.01 microns are effective 
nuclei. Therefore, it is desirable that a method of 
producing particles should give about this size in 
order to produce as many as possible. It is inter- 
esting to note that a smoke particle one micron in 
diameter, which would not be considered a very 
large smoke particle, wil make one million parti- 
cles 0,01 micron in diameter. 


Many of the principles worked out inthis labora- 
tory on the generatlonof smokes apply to the prob- 
lem of making silver iodide smokes. The main 
limitation in applying existing techniques to gener- 
ating smokes of silver iodide Is that the temperatures 
at which silver iodide has an appreciable vapor 
pressure are very hlgh, These high temperatures 
place a severe limitation on the materials and de- 
signof a smoke generator. Datafor the vapor pres - 
sure of silver lodide and silver are as follows: 


PRESSURES IN ATMOSPHERES 
10-4 10-3 10-2 10-1 25 .5 1.0 


Agi Temp Abs, 958 1076 1233 1450 1564 1665 1779 
Ag Metal 
Temp Abs. 1442 1607 1816 2098 2236 2354 2485 
The methods of large scale nuclei generation 
which show the most promise Involve vaporization 
of silver or silver iodide by heating and then the 
rapid cooling and dilution of this gas to form very 
large numbers of very small particles. It ls essen- 
tial that the cooling and dilutionof the vapor beac- 
complished very rapidly, as growth from condensa- 
tion or growth from coagulation would increase the 
particle size beyond that desired, 


In order to evaluate the rate of nuclel production 
of varloustypes of smoke generators, known volumes 
of the smoke were introduced into a supercooled 
cloud in the cold box. The number of nuclei were 
then estimated by observingthe average separation 
of the resultant ice crystals. Knowing the volume 
rate of smoke production, the rate of nuclei produc - 
tion can be computed. 


A number of different methods for the generation 
of silver iodide smokes have been considered. A 
certainamount of work has been done onthose show - 
ing the most promise. In the following section, 
these methods are described andevaluated accord- 
ing to the status of the work at present. 


SILVER ARC AND IODINE VAPOR METHOD 


The large nucleating effect of silver lodide was 
first observed with a small spark between silver 
wires in the presence of iodine vapor. A larger 
generator of this sort was constructed using an arc 
betweentwo silver electrodes one-half Inch in diam- 
eter. The arc was run at about 10 amperes and 
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was arranged in series with 220 volts d-c and a 
bank of resistance. A blastof compressed air con- 
talning iodine vapor was blown through the flame 
ofthe arc. This arrangement gave of the order of 
1011 nuclei per second. No measurements have 
been made on therate of sllver consumption of the 
arc, 


When silver smoke from the arc was introduced 
Into a supercooled cloud without iodine vapor,there 
were a few nuclei formed presumably from traces 
of iodine present in the box. However, whena crys- 
talof lodine was moved through the cloud, it left 
a dense trail of ice crystals similar tothe effect 
produced by a needle at liquid air temperature, 


While the silver arc and lodine vapor methodof 
nucle! generation seems to work fairly well, It would 
seem that methods which vaporize silver metal re- 
quire considerably more energy thanthose vaporiz - 
Ing silver iodide. Inorder to produce the same vapor 
pressure, silver must be heated 600°C or 700°C 
higher than silver iodide. 


VAPORIZATION FROM HOT WIRE 


A simple and convenient method of generating 
silver iodide smoke Is to vaporize it froma flla- 
ment electrically heated bright red. Theparticles 
Produced by this method are of the order of one 
micron in diameter which ts too large to make the 
method economical for seeding any large volume. 
If acurrent of air is blown over the heated filament, 
the particle size is reduced but a large amount of 
energy ls required to maintain the temperature of 
the filament. In a short time, the filament is seri- 
ously attacked chemically by the silver iodide which 
makes lt impossible to run the generator continu- 
ously over any perlod of time. 


VAPORIZATION FROM ELECTRICALLY HEATED 
FURNACE 


A small electrically heated furnace was made 
up for generating silver iodide smoke. Thefurnace 
is shown tn Flg.3. The furnace is so designed that, 
when lt is placed inanair streamof about 100 mph, 
a small amount of the air passes through the fur- 
nace. Inthe furnace Is a plece of asbestos paper 
saturated with moltensilver iodide. Theair moving 
through the furnace becomes heated and saturated 
with silver iodide vapor at the temperature of the 
furnace, whick is around 6509C. As it leaves the 
furnace, It is ddluted and quenched Inthealr stream. 
The furnace was operated from a 6-volt storage 
battery and consumed about 100 watts, The appara- 
tus produced about 1010 to 1011 nuclei per second 
in an air stream of 100 mph. 


It is believed that methods employing electrical 
power for silver iodide smoke generation are not 
economical because of the large power consumption, 


VAPORIZATION OF SILVER IODIDE COATED 
STRING IN FLAME 


An effective method for the production of silver 
iodide smokes Is to vaporize silver lodide in a flame 


FUSED QUARTZ TUBE HEATER WINDING ASBESTOS INSULATION 


SMOKE PRODUCED HERE 


CONSTRICTION TO LIMIT AIR ASBESTOS PAPER SATURATED 
FLOW THROUGH FURNACE WITH MOLTEN SILVER IODIDE 


| | INCH 


FIG.3 ELECTRICALLY HEATED GENERATOR 


Fig. 4 Silver Iodide Generator 
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Fig. 5 


Examples of solid precipitation produced artificially in the laboratory 
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TYPES OF FROZEN PRECIPITATION 


CODE FORM 


a E + STELLAR CRYSTALS 


4 A sie HEXAGONAL COLUMNS| 
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- | 
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Fig. 6 Types of solid precipitation occurring in nature 


TYPES OF SOLID PRECIPITATION 
( See Fig. 5) 


1. STELLAR CRYSTALS: Six rayed, starlike forms 
occurring as single crystals or in clumps. 
Crystals vary in a wide range of form and 
size, Clumps common, often appearing as 
cottony flakes sometimes two inches in di- 
ameter, Size 1/32 in.-1/2 in.; clumps common, 


2. GRAUPEL: Stellar crystals which are covered 
with frozen cloud particles forming a rime 
deposit. This results in pellets of soft snow, 
which range from hexagonal to rounded forms. 
Size 1/16 in.-1/4 in.; rarely clumped. 


3. HEXAGONAL PLATES: Thin, hexagonal, solid 
or semi-solid plates often containing internal 
structure dueto air inclusions, The smallest 
form of this crystal and the stellar form is 
known as Diamond Dust. Size 1/1000 in,- 
3/16 in.; rarely clumped, 


4, HEXAGONAL COLUMNS: Transparent gener- 
ally flat-ended, sometimes pointed hexagonal 
prisms mostly of clear ice, many with air in- 
clusions, Oftena groupof columns grow from 
a common source radiating in several direc- 
tions. The former type produce 22° and 46° 
halos around the sun, Size 1/64 in.-1/8 in.; 
sometimes clumped. : 


5. CAPPED HEXAGONAL COLUMNS: Similar to 
(4) with the exception that both ends terminate 
as expanded hexagonal plates, A hexagonal 
plate sometimes is positioned midway between 
the two plates, Many queer forms occur. 
Size 1/64 in,-3/16 in.; sometimes clumped, 


6. ICE NEEDLES: Long slender shafts with hex- 
agonal cross section often terminating with 
sharp points. Needles occasionally grow in 
masses in random directions. Size 1/64 in.- 
3/8 in.; often clumped, 


7, ASYMMETRICAL CRYSTALS: Angular crystals 
without a symmetrical outline occurring as 
simple or compound crystals. Size 1/64 in.- 
1/8 in.; often clumped. 


8. POWDER SNOW: Dry bits of snow without 
angular form, often of irregular shape. Size 
1/64 in,-1/8 in.; rarely clumped, 


9, SLEET: Pellets of translucent to transparent 
ice often bearing bumps or other protuber- 
ances. They are frozenraindrops but are not 
always round. Size 1/32 in.-1/4 in.; very 
rarely clumped. 


and then cause the formation of a very fine smoke 
by rapidly quenching the flame with a blast of com- 
pressed air. This was accomplished by the appara- 
tus shown in Fig. 4. Acottonstring was impregnated 
with silver iodide by drawing it through a suspension 
of powdered silver lodide in water with a small 
amount of glue to act as a binder. The treated string 
contained about eight milligrams of silver todide 
per centimeter, This string was fed Into an oxyhy- 
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drogen flame at the rate of nine cm per minute. 
The heat of the flame vaporized the string and the 
silver iodide. Two or three inches away from the 
point that the silver iodide was introduced Into the 
flame, ablastof compressed air was blown into the 
flame which rapidly cooled and diluted the vaporized 
silver iodide in the flame to produce a fine smoke 
of silver iodide. This generator produced active 
nuclei at the rate of about 1012 to 1013 nucleiper 
second. 


The smoke produced by this method was exam- 
ined by precipitating it on a slide and examining it 
withthe electron microscope. This showed thatthe 
particles were of the order of 100 Angstrom units 
in diameter, The rate of consumption ofsilver 
lodide by this generator isabout 1.2 mg per second. 
If the particles were uniformly of 100 Angstroms 
in diameter, 1.2 mg should produce about 4 x 10*14 
nuclei per second. The discrepancy between the 
theoretical and actual number of nuclei produced 
probably arises because all of the particles are not 
effective nuclei or because some of the silver lodide 
forms particles much larger than100 A. Thesmoke 
particles produced by this generator are not effec- 
tive as nuclei until the temperature Is -8°C or lower. 


This type of generator 1s one of the most efficient 
experimented with thus far. Its main limitation is 
the source of gas and compressed air neededfor 
Its operation. 


SILVER IODIDE IN THE ATMOSPHERE 


The big question about silver iodide is how it 
performs inthe atmosphere. Inthe laboratory, tests 
have been made in which silver iodide smoke is 
found to maintain its nucleating actionafter storage 
in a balloon afoot and a half indiameter for twenty- 
four hours. At the end of that perlod, the number 
of nuclei present had fallen off to a small fraction 
of the original value. However, the nucleating ef- 
fect was still very marked. In a closed vessel, the 
number of particles would be expected to drop off 
with time because of coagulation and precipitation 
onthe walls. These factors arenot Important when 
the smoke is in the atmosphere. Dilution caused 
by mixing and diffusion lower the concentration to 
the point that coagulation is negligible. Because 
there are no wallson which to precipitate, this fac- 
tor, too, is negligible. There are several mecha- 
nisms by which silver iodide particles might lose 
their nucleating property, The particles may be- 
come inactive through long exposure to sunlight. 
There is no laboratory evidence that this takes 
place. Certain gases inthe atmosphere may act 
on the particles to render them Ineffective. Alcohol 
vapor in appreciable concentrations has been found 
to inhibit the action of silver iodide smokes, It is 
possible that other minor constituents of the at- 
mosphere may have asimilar effect. The presence 
of dust and smokes may act to destroy the nucleat- 
ing properties of the particles by absorbing them. 
Rain and clouds can be expected to remove silver 
lodide from the atmosphere under certain conditions 
by forming water drops around the particles or by 


Fig. 7 Radiosonde balloons carrying baskets of solid carbon dioxide 
into the upper atmosphere 


dissolving them. The answers to these problems 
will not be knownuntil experiments have been car- 
ried out on a large scale. 


Several experiments have been made with silver 
lodide smokes under natural conditions, During 
the winter a supercooled ground fog at 25 F was 


successfully transformed to ice crystals for a dis- 
tance of at least 150 feet by silver iodide smoke 
produced by vaporizing silver iodide, The silver 
iodide was vaporized by applying it as a powder on 
anichrome wire heating coil which wasthen brought 
to ared heat with about 500 watts of electrical heat - 


ing. 


VI. TYPICAL DATA OBTAINED FROM PHOTOGRAPHS OF A SEEDED AREA 


Raymond E. Falconer 


The best photographs of the flight tests to date 
were taken on the afternoon of April 7. The 27 
photographs taken that day from the B-25 test plane 
Show, in a very striking way, the results which may 
be obtained by seeding stratus clouds. 


The meteorological conditions inthe atmosphere 
over the vicinity of Schenectady during this flight 
were about as shown in Fig. 8. Immediately after 
the seeding run, the plane turned in a circle tothe 
left and climbed ina widening spiral for over an 
hour, finally attaining a maximum altitude of 15,000 
feet. During this period, the 27 photographs were 
taken at various intervals and at various altitudes 
of the plane. 


Each photograph taken showed the horizon just 
below thetop of the picture. By knowing the altitude 
of the airplane above the clouds and by a measure- 
ment of the vertical angles (J) between its position 
and the level of the cloud tops, It is possible to de- 
termine distances from the position of the airplane 
to various points on the perimeter of the seeded 
area, 


TEMPERATURE AND HUMIDITY SOUNDING FROM 
ALBANY WEATHER BUREAU AIRPORT 
STATION AT IO 00AM. APRIL 7,1947 


1009 X^ TEMPERATURE OUTSIDE AIRPLANE 
TAKEN JUST BEFORE SFEDING 


SURFACE. 73% 
| | | 
TEMPERATURE C* 


F!G.B DiAGRAM SHOWING ATMOSPHERIC CROSS-SECTION APRIL 7, 947 


As an example of applying this method, a brief 
description of the steps involved in working out 
Photograph No, 16 (see Flg. 9) follows. First of 
all, azimuth angle (J), indicating the horizontal dl- 
rection in which the camera was pointed, is deter- 
mined by considering the known azimuth angle of 
the sun at the particular time of day together with 
positions of shadows on the top of the cloud layer 
as shown in the picture. If true headings of the 
plane and horizontal angles of the camera with re- 
spect to the plane had been available, they could 
have been used instead. A special grid made of 
Plexiglass has been constructed marked off inver- 
tical lines (converging at a point some distance 
below the grid)and spaced for each five degrees of 
azimuth angle. The grid also has horizontal lines 
spaced at 5-deg intervals which take into account 
the curvature of the earth, etc. 


To find the depression of the horizon indegrees 
(œ) below the horizontal plane at the elevationof the 
airplane, the formula 


oc = .56 fon (6) 


is used where h = height of the airplane above the 
top of the cloud layer. A line « degrees above the 
actual horizon shown in the photo is then drawn in 
ink. This line then Is the horizon of the plane. 


The grid is then placed on the photo with the top 
horizontal line of the grid coinciding with the line 
Oc degrees above the actual horizon, The vertical 
angles, y, are measured from the horizon of the 
plane downalong the azimuth angle lines gto various 
points on the perimeter of the seeded area. Thus, 
the area may be mapped onpolar co-ordinate paper 
by determining, from the vertical and azimuth angles 
obtained, the distance x fromthe airplane to these- 
lected points on the perimeter ofthe area. The 
distance x is determined by 

h 

x= ian y (1) 
where h - height of plane in miles above the cloud 
layer. Table IIl shows the tabulation of data for 
Photograph No. 16 (Fig. 9), and Fig. 10 shows the 
plotted result onpolar co-ordinate paper revealing 
that 44 minutes after seeding, the area was about 
7.5 miles long on each leg and 3.4 miles wide at 
the widest point. 


To show how the seeded area grew with time, 
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Fig.11 showsthe original lineof seeding with maps 
of photos taken 20 and 45 minutes later superim- 
posed on it. The strong wind below the seeded 
stratus layer apparently did not change the shape 
of the cleared area withtime. The shape was main- 
talned very well throughout. 


A more detailed diagram of the growth and change 
in shape of the area is shown in Fig. 12. Some ir- 
regularities in its shape can be attributed to diffi- 


TABLE III 


Data for Photo No, 16 Taken at 
5:24:00 P.M., April 7, 1947 


Time: 44 Minutes After Seeding 
Helght of Plane Above Clouds: (h) = 1.58 Miles 


x 
0 9 any (miles) 
163.5 7.0 .123 12.9 
165.0 6.0 .105 15.0 
170.0 6.0 .105 15.0 
175.0 6.5 114 13.8 
180,0 7.0 123 12.8 
185.0 7.5 132 11.9 
190.0 Mad 135 11.7 
192.0 8.0 140 11.3 
192.5 10.0 176 9.0 
190.5 12.0 213 14 
191.0 15.0 .268 5.9 
192.0 17.0 306 5.2 
190.0 18.6 317 5.0 
185.0 18.0 325 4.8 
180.0 19.0 344 4.6 
170.0 18.0 325 4.8 
168.0 17.0 .306 5.2 
170.0 15.0 268 5.9 
177.0 12.5 222 7.1 
175.0 10.0 A'16 9.0 
175.0 8.2 144 11.0 
172.5 7.8 137 11.5 
170.0 7. .135 11.7 
167.5 1.5 .132 12.0 
165.0 7.5 .132 12.0 
163.5 1.0 123 12.8 


culttes In reading the photos and the gridor in deter- 
mining the true for angles: 

Further details onthistype of photographic analy - 
sis are given by Langmuir tn another part ofthl 
report. - 


VII. THE ANALYSIS OF PHOTOGRAPHIC DATA 
SHOWING THE EFFECTS PRODUCED BY SUPERCOOLED 
CLOUDS WITH ICE NUCLEI 


Irving Langmuir 


The effects produced in supercooled clouds by 
Seeding with dry ice are very striking and can be 
photographed very satisfactorily under proper con- 
ditions. The object of such studies is to determine 
what modifications are produced in clouds by the 
introduction of ice nuclei, how fast these effects 
propagate through the cloud, and how long they con- 
tinue. Early experiments showed that the most in- 
teresting results were obtainable with unbroken 
Stratus clouds having thicknesses of several thou- 
sand feet covering large areas. By dropping dry- 
ice pellets into the topsof such clouds along a line, 
very large volumes of the cloud consisting of supcr - 
cooled water droplets are caused to evaporate and 
condense onto the ice nuclei, giving snowflakes of à 
size very large compared to the size of the water 


droplets, In this process, heat is evolyed which 
can, under favorable conditions, yield 0.8 C. 


Because of these changes within the cloud, it was 
realized at an early date that all the effects pro- 
duced by seeding should become manifest by obser- 
vations of the top of the stratus cloud from an air- 
plane high above the cloud. It is true, of course, 
that we are most interested in changes that take 
place inthe cloud itself and inthe precipitation that 
falls from the bottom of the cloud. However, photo- 
graphic observation withinthe cloud is impossible; 
photographs below the cloud are very difficult to 
interpret, andtrouble is experienced because of loss 
of visibility due to snow in the alr. Since we have 
heen limited, so far, to the use of one plane, it was 


deemed advisable to gather photographic evidence 
by flying above the cloud layer. 


It has been our desire to obtain a photographic 
record from which the area of the cloud that is 
modified by the seeding can be measured and its 
growth with time determined. 


In general, the effects that have been produced 
are of several types: 


1, The immediate effect of seeding is to produce 
an area In the top of a stratus cloud which scatters 
light in directions different from those in the case 
of adjacent unseeded clouds. Thus, withdifferent 
relative positions of the sun, the seeded area, and 
the seeding plane,the seeded area may appear light 
on a dark backgroundor dark ona light background, 
as is shown in Fig. 1. The line of demarcation be- 
tween the seeded and unseeded areas is usually very 
striking. 


2. Usually within five toten minutes after seed- 
ing along a line, a groove or trough is produced in 
the top of the cloud which may be a thousand or fif- 
teen hundred feet deep. This appears to be due to 
the falling of the snow crystals that are produced. 
In some photographs, the cloud within the seeded 
area disappears entirely within 20 minutes leaving 
a veilof falling snow which maybe as much as 4000 
feet below the original level. 


3. Insome cases, wispsof snow seemto be car- 
ried upward above the line of seeding, indicating 
currents of air rising more rapidly than the snow- 
flakes can fall. 


4, Between 20 and 50 minutes afte: the seeding, 
the seeded area, which usually has well-defined 
edges, becomes partly filled in with a very thin 
layer of stratus cloud. These new cloudsare clear- 
ly formed in place and do not merely drift in from 
the undisturbed area surrounding the seeded area, 
They consist of liquid water droplets but they are 
usually entirely devoid of turbulence. 


5. In the areas surrounding the seeded area 
and adjacent to it on one side, there often appear 
cumulus clouds which seem tobe breaking through 
the original stratus layer,and they rise to a height 
of 1000 feet to 1500 feet above the stratus layers. 
These have been observed in at least three of our 
test flights and seemto be caused bythe generation 
of heat In the lower layers of the stratus clouds 
produced by ice nuclei or snow crystals that are 
displaced rapidly from the original seeded area. 
The lateral displacement is probably due to the 
fact that the velocity of the lower part of the stratus 
cloud differs fromthat near the top. As seen from 
the top, these areas usually show no signs of snow 
crystals, but we presume that when these photo- 
graphs are taken from the bottom of the cloud, one 
will see that snow ts falling from these areas. 


6. We anticipate that, under favorable condi- 
tions, the effects produced by seeding may become 
self-propagating; that is, that new nuclei are gen- 
erated within the cloud continuously by fragmenta- 
tion of snow crystals, aided probably by electro- 
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static effects which seem to prevall in many clouds 
in which snow is falling. We have not yet encoun- 
tered any evidence that we have produced such an 
effect but we are looking for it. They will most 
likely occur in cases where there is already within 
the atmosphere a convergence of masses of cold, 
molst air which is causinga liftingof cloud masses. 
This is necessary So that, when snow does form, 
the molsture is not completely removed from the 
cloud, but new moisture is made available at a 
rate sufficient to maintain the snowfall. 


ANALYSIS OF PHOTOGRAPHS OF THE SEEDED 
AREA TAKEN FROM ABOVE STRATUS CLOUDS 


The technique which we have found most advan- 
tageous Is to fly a plane in a large circle around 
and abovethe seeded area sothat a series of photo- 
graphs can be taken, one every minute. The height 
of the plane and the diameter of the circle cone 
should be such that each photograph covers the 
whole of the seeded area and that the angle through 
which the plane rotates (in azimuth) between con- 
secutive pictures does not change by more than 15 
or 20 degrees. We find that it is desirable also to 
have the horizonshow in every picture. The height 
of the plane above the cloud level should be as high 
as practicable so that the irregularities inthe level 
of the top of the cloud become only a small fraction 
of the height of the plane above the cloud. We have 
found it best to have a plane fly at a height of at 
least 15,000 feet above the seeded cloud layer Ina 
circle 30 miles in diameter so that It takes about 
a half hour to complete a revolution around the 
seeded area, From the photographic data, we wish 
to produce a map of the seeded area at any glven 
time andto watch the progresslve change in this 
map as long as the effects continue to be appreci- 
able. The method that we have used for this pur- 
pose isto use the photographs to glve the horizontal 
angles (azlmuth, 9) and the vertical angles or alti- 
tude OC measured downward from the horizon, If 
we know tae height of the plane H above the cloud 
layer,then we can calculate the horizontal distance 
oí any observed point by an equation 

R = H/tan œ (8) 
On polar co-ordinate paper it is possible to con- 
Struct a map of the seeded area by measuring the 
$ and œ foraserles of points around the periphery 
of the seeded area. 


By comparing the maps taken at successive In- 
tervals of time, one can then determine the path 
of the plane and determine the changes with time 
that occur inthe shape and size of the seeded area. 
A check onthe accuracy ofthe work can then be 
obtained by determining whether the successive 
positions of the plane at different time intervals 
correspond to a velocity of movement equal to that 
of the plane allowing, of course, for any difference 
of wind velocity between the altitude of the plane 
and the clouds. 


To determine from the photographs the values 
of $ and œ for any point recognized inthe photo- 


graph, we have constructed a series of gridson 
thin sheets of Plexiglass on which Hnes are ruled 
corresponding to meridians and latitudes. 


METHOD OF CONSTRUCTING THE GRIDS 


In formulating the problem, let us assume that 
the top surface of the cloud, which is represented 
by C, is parallel to the surface of the earth; that 
is, it is a spherical surface having a radius of 
curvature E, which is the radius of the earth, 
2.09 x 107 feet. Now let us consider a point Dg at 
the top of the cloud layer andassume that at a height 
H vertically above point Do there is an airplane 
carrying a camera, the center of whose lens is at 
point 0, 


Through the point Dg in the top of the cloud, we 
construct a horizontal plane T. Any point on this 
plane which we may consider will be represented 
by Pg. If we draw a straight line from O to Po, we 
will have to extend this line to a point Pc, before 
it intersects the top of the cloud layer C, which is 
on a spherical surface. 


Let us now pass a vertical plane through the 
line ODg. The line of intersection between this 
plane and the horizontal plane T is astraight hori- 
gontal line which we may represent by AoDo, where 
Ap represents a point of infinity, 


Because of the curvature of the earth, the hori- 
zonas seen fromthe airplane is depressed through 
a small angle CC below the line OAo. The amount 
of this depression Is given by: 


ec X = (2H/E)!/2 (9) 
Here ©, is to be expressed in radians, 


If, however, we measure H in feet, express Cc 
in degrees, and introduce E value, we find that 


Occ = 0.56 (H/1000)!/2 (10) 


The distance Rph to the horizon as seen from the 
point 0 1s given by: 


Ry = (2HE)!/2 (11) 


If we express H In feet, Introduce the value E in 
feet, and express Rp In miles, we obtain equation 


Ry = 1.226 H1/2 (12) 


Careful analysis shows that for all objects on 
the cloud level C for which oc is more than three 
times as great as Occ, Rc and Ro do not differ ap- 
preclably; that is, not over three per cent. For 
larger values of © the effects are negligible. 


Thus in analyzing photographs, the first step is 
to construct on the photograph a-horizontal line 
which is placed above the apparent horizon by an 
angular amount corresponding to OC c. This allows 
for a correctionfor the curvature of the earth which 
ls very appreciable when the plane is flying 10,000 
feet or more above the cloud. 


Let us assume that the camera at 0 has its axis 
directed toward Ao where the line OAp Is horizontal 
and assume that the camera axis is tilted downbe- 
low Ap through an angle 8. The camera axis will 


then Intersect the line DoA, at a point By. The 
plane of the photographic plate is perpendicular to 
the axis OBo, and 1s at a distance equal tothe focal 
length behind it. Geometrically, however, the prob- 
lem isthe same lf we consider the projection of any 
point Bo in the tangent plane T onto a plane infront 
of 0. Actually in the work we have done so far, a 
camera having a focal length of five inches has been 
used and the photographs have been enlarged two- 
fold. We are, therefore, interested in calculating 
the points of intersection of lines OPo with aplane 
perpendicular to OBo. The axis OB, cuts through 
this plane at a distance F ata point 10 inches from 
point 0, 

The procedure of formingthe grid isas follows. 
We assume that the focal length F and the angle of 
tilt 8 are known. We now take a paper and a large 
drawing boardand draw a straight line on which we 
put three points, A, B, and D. These are so chosen 
that the distances AB, BD, and AD, are given by: 


AB = F tan 8 (13) 
BD - F cot 8 - F/tan 8 (14) 
ABxBD - F2 (15) 
AD = 2 F/sin 28 (16) 


The point B is to be used as the center of the grid. 
Through the point A draw another line perpendicular 
to AD. We may represent points along this line by J 
which corresponds to azimuth angle $, measured 
to the right or left of A as origin. We may select 
a set of points, J, corresponding to a set of evenly 
spaced values, $, such as 39 deg, «10 deg, etc., up 
to +25 deg. Mark a series of points of J along the 
line as defined by 


A] = F tan/cos 8 (17) 


Connect each of these points J with point Dby a 
straight line. These lines which radlate from D 
represent ‘‘meridian lines" for each of which 
? has a constant selected value. 


The lines of equal altitude, which corresponding 
to lines of latitude on the earth, are strictly speak- 
ing conic sections: hyperbolas, parabolas, ellipses, 
or circles depending upon the relative values of 
and 0. For all practical purposes, however, we 
can replace these conic sections by circles which 
have the same curvature where they cut the line AD. 
We can locate these intersections for the cased- 0 
for the line AD by measuring the distance y above 
and below the point B on the line AD by equation 


y = F tan (8 - œ) (18) 


Through each of these points (drawn for values of 
cc , such as 5 deg, 10 deg, etc.), we construct circu- 
lar arcs having aradius of curvature given by 

f= F/tan ox (19) 


It 1s interesting to notethat the radius of curvature 
1s independent of 8, 


Using this method, the series of photographs ob- 
talned during several seeding flights have been 
analyzed. Typical results are represented by the 
analysis of the April 7 flightprepared by Falconer 
and included in this report, 


Vill. PROPOSED FLIGHT PLANS FOR CLOUD STUDIES 
Irving Langmuir, Vincent J. Schaefer, and Bernard Vonnegut 


The following series of flight plans are proposed 
as atentative program for present and future flights 
in the joint Army-Navy-General Electric Cloud 
Studies Project, Each plan Is subject to revision 
immediately upon the finding that some phase Is 
impractical or unnecessary. The plans have been 
drawn up In large part, however, based on practical 
experlence gained in the flights that have already 
been made by the earlier Fairchild flights of General 
Electric and the more recent B-25 and B-17 flights 
by the Army-Navy personnel assigned to the present 
project. 


Strong emphasis 1s placed on detailed and syn- 
chronized observations by all personnel engaged in 
the flights so that a complete and accurate record 
of each flight can be made from take off to landing. 
Such data will be a prime requisite for study and 
planning of future projects. Some of the flights to 
date have been informative but none of them have 
been completely satisfactory, Much progress has 
been made, however, and good results are expected 
on Subsequent flights. 


Much of the success of all flight plans related 
to cloud modification depends to a large degree on 
obtaining a complete photographic record synchro- 
nized to the second with all of the flight data such 
as heading, altitude, air speed, and temperature. 
The best results to date have been obtained with 
Infrared plates, although much experimental work 
needs to be done with color and other techniques, 
such as polarizing filters and stereoscopic photog - 
raphy, In order togather the maximum information 
possible. 


Any revisions inthe proposed plans will be issued 
as memoranda between quarterly reports and dis- 
tributed to all those on the distribution list ofthis 


report. 
FLIGHT A 


Cloud Seeding of Solid Overcast 
PURPOSE 


To seed continuous overcast of supercooled 
clouds with ice nuclei in a recognizable geometric 
pattern so that development of snow reglon can be 
accurately plotted and quantitatively analyzedfrom 
above, within, and below the modified region. 


PROCEDURE 


Usethreeplanes. (1) A B-29 or B-17 at 30,000 
feet to obtain complete series of photographs and 
to keep track of seeding plane andreconnaissance 
plane. (2) A B-17 to do the seeding at the top of 
the cloud, take photographs at 15,000 feet and to 
subsequently explore the seeded region. (3) A re- 
connaissance plane, AT-11 or Navair, to observe 
the snow or rain development below the cloud and 
to make a complete photographic record of every- 
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thing seen, This plane should have radio communi- 
cation with top plane. 


PLAN OF OPERATION FOR HIGH-LEVEL OB- 
SERVATION PLANE 


Synchronize all watches to the second. Check 
communication system to tower and other planes. 
Take off and climb immediately at 500 to 1000 feet 
per minute to 25,000 feet, and commence making a 
30-mile diameter circle over assigned area in 
southern Adirondacks. This involves a 3-deg bank 
counterclockwise during flight-on circle route. 
Watch for B-17 seeding plane of radar scope which 
should follow withinafew minutes. Obtain complete 
altitude-temperature record during climb and ob- 
serve icing and turbulence while passing through 
cloud system. Readings should be made at every 
1000 feet (closer if practicable) during climb and 
descent. Establish communications with the middle 
(seeding plane) and start taking pictures one minute 
before the start of the seeding run. Make a photo- 
graph every minute on the even minute +2 seconds 
andrecordthe heading, azimuth, and angle of camera 
tilt. The co-pilot should record air ‘speed and ob- 
tain heading to anaccuracy of +1 degree, if possible, 
and make this recordat zero seconds every minute, 
starting as soonas possible after take-off and con- 
tinuing to the end of the flight. This record should 
be accurate, since it must synchronize perfectly 
with the photographer’s records. The photographer 
should include the horizon and the complete area 
affected by seeding in every picture. If the plane 
is too close or too far away, the photographer should 
immediately make this knownto the pilot. However, 
the pilot or the co-pilot should also check the loca- 
tion of the seeded area and keep the plane in the 
best position possible for proper photographic re- 
cording. Contact should be maintained with the 
Seeding plane and the photography continued until 
the seeding plane announces that it has finishedits 
observations and is heading for the north-south leg 
of the Albany Radio Range. 


The Observation Plane then notes the time and 
leaves for the range with a heading of either 90 de- 
grees or 270 degrees. Reaching it, the plane notes 
the time, heads for the cone and notes the timeof 
arrival above it. After reaching the cone, the plane 
should descend upon instruction from Albany Con- 
trol Tower and return to port. 


NOTE: Close attention must be paid to 
the difference in the drift of theseeded 
areaand the plane,so that the seeded area 
is kept inproper position for photographic 
observation. 


PLAN OF OPERATION FOR SEEDING PLANE 


The seeding run with dry ice should beas follows: 
Approaching the assigned area, a heading of 360 de- 


grees ls made two minutes before giving the signal 
to seed. At zero minutes, the seeding signal is 
given and the man assigned tothls operation starts 
the dispenser (which should be filled and ready to 
dump the particles at the flick of switch), Seeding 
continues at the maximum output of the dispenser 
for four minutes, Between Üand +1 minute, 30 sec- 
onds the plane should maintain a heading of 360 de- 
grees. It then should head counterclockwise at 
+1 minute, 30 seconds and at +2 minutes, 30 sec- 
onds should straighten out at a heading of 270 de- 
grees and maintainthis until +4.0 minutes. At this 
joint the dispenser is stopped. The plane at +4.0 
again swings counterclockwise and by +5.0 minutes 
should straighten out to a heading of 180 degrees. 
On this leg, at +6.0 minutes, the seeding signal is 
givenand one pound of granulated dry ice is dumped 
Suddenly. Continuing on 180-deg heading until +7,0 
minutes, 100-200 pounds of granulated dry ice are 
«lumped suddenly. When this has been done, the 
plane immediately climbs to 5000 feet above the 
cloud top going into a counterclockwise circle 
around seeded region. 


PHOTOGRAPHIC PLAN FOR SEEDING PLANE 


The same photographic procedure should be fol- 
lowed as described for the top plane with the pilot 
maneuvering his ship so that the included angle be- 
tween the near side of the seeded region and the 
horizon is between 20 degrees and 30 degrees. The 
diameter of the flrst complete circle should prob- 
ably be about 20 miles with a plane tllt of 3 degrees - 
4degrees. Photography should continue for one com- 
plete circle, the photographer making sure that all 
of the seeded area is included inthe picture. The 
photographer should keep the pilot informed of his 
requirements during this period and very accurate 
notes should be made of altitude, heading, tilt angle, 
and azimuth of camera, 


As soon as complete circle is made, the seeding 
plane should maintain altitude and head over the 
area and attempt to photograph the ground through 
the hole. Descend and make detailed observation of 
the structure and appearance of the modified region. 
Fly immediately over the top of the area and ob- 
serve the general appearance. Descend into the 
region, observe the halo and other optical effects 
looking toward sun. Attempt to get a color picture 
of the halo. During the maneuvers, check the icing 
rate with the cone and small cylinder. After flying 
through the modified region checkingthe icing rate, 
enter the unmodifled reglon, climbing toward the 
top of the cloud and observe the icing rate in that, 
region, During all of these maneuvers, continue ob- 
servations on temperature, altitude, and heading. 
Reaching the top of the cloud again, enter the modi- 
fled region and explore its lowest reaches, noting 
whether It Is possible to reach the base of the over- 
cast through the hole. If this is possible, attempt 
to identify the exact geographic spot under the hole. 
Observe precipitation and any other features that 
might be related to the experiments. After com- 
pleting observations, note the exact time and make 
heading of either 270 degrees or 90 degrees to 


reach north-south leg of Albany Radio Range. Ob- 
serve time it is reached and head for cone. Note 
time it is reached and descend upon instructions 
from control tower. 


Return to port, 


PLAN OF OPERATION FOR OBSERVATION 
PLANE AT CLOUD BASE 


If possible a third plane should be used for ob- 
serving the development of precipitationat the base 
ofthe overcast. Since this plane has the shortest 
distance to fly, it should be last in take off. If pos- 
sible it should carry at least two persons besides 
the pllot, one a photographer and the other an ob- 
Server who makes necessary records, assists the 
photographer, helps in navigation and directs the 
course of the observation. 


This plane should be In radio contact with the 
high-level plane and should preferably fly directly 
below it close to the cloud base during the early 
stages of the seeding. If subsequent developments 
indicate that better pictures could be obtained from 
a different direction, it should be free to maneuver 
to a more suitable position, staying however close 
tothe eloud base. By maintaining radar and radio 
contact with the high-level plane, checks on the 
general location of the complete operation couldbe 
easily obtained. i 


In general, it would be desirable for the low- 
level plane to maintain a distance far enough from 
the seeded area to show the extreme limits of the 
precipitation in one picture. This might involvea 
distance of 20 miles. If haze conditions do not per - 
mit photography at this distance, go closer and at- 
tempt to make a panorama with ground features that 
will permit some degree of matching. All photo- 
graphs made in the low-level plane should include 
plane heading, azimuth of camera with respect to 
heading, tilt of camera, and altitude. 


The lower plane should continue to observe from 
a distance untll the seeding plane announces its de- 
parture for the radio range location. Jt may then 
fly into the affected area and attempt to obtainlow- 
level pictures of any holes produced inthe overcast 
and check the geographic location of the modified 
reglon at a specific time. 


FLIGHT B 
Cloud Modification of 


Supercooled High Altitude or Tall Cumulus Clouds 
PURPOSE 


To seed with ice nuclei high altitude or tall cumu- 
lus clouds, the upper portions of which have atem- 
perature below 39C (32°F) and consist of supercooled 
water droplets, the object being to explorethe possi- 
bility of hall prevention, thunderstorm dissipation, 
and production of rain. 


PROCEDURE 


Use two planes, one for seeding and exploratory 
work, the other for observation purposes. These 


should preferably be a B-17 aircraft and a photo 
plane of high maneuverability. 


Cloud systems ideal for the purpose would be 
the type which occur rather frequently inthe late 
afternoon from June to September in regions like 
eastern New York. These often develop into spec- 
tacular towering clouds isolated from each other 
or in lines invading an otherwise clear sky region, 
They often lead to violent local thunderstorms some - 
times accompanied by hail. 


PLAN CF OPERATION FOR SEEDING PLANE - 
FLIGHT B 


The seeding plane should immediately upon take 
off establish communication with observation plane 
and control tower and then head for the top ofa 
cloud mass which seems to be inan early but active 
stage of development, Careful check of the tem- 
perature -altitude relationships and other essential 
data (same as Flight A) should be started immedi- 
ately following take-off and continued until reaching 
the top of the cloud, Unless the freezing level is at 
least 1000 feet below the top of the cloud, the seed- 
ing operation should be delayed until such a condi- 
tion develops. Check of the air temperature within 
the cloud should be made tf possible to be sure that 
a supercooled condition is present, 


When the proper conditions are noted, the plane 
should enter the very top of the cloud and, as rapid- 
ly as possible, dump from 100 to 250 pounds of 
granulated dry ice Into the cloud. Care should be 
observed that all of the dry ice enters the super- 
cooled cloud. Pellets ranging from 1/16 inch toat 
least 2.0 cm diameter should be used, since the 
vertical currents within the cloud will probably tend 
to decrease the effective falling height indicated in 
Table I of this report, 


After seeding the cloud, the plane should imme- 
diately climb, if possible, at least 2000 feet above 
it and circle within five miles of the top in counter- 
clockwise direction for ten minutes and then fly a 
straight line about two miles to the right of the top 
of it to afford the chance to obtain good photos look- 
ing down. After about ten minutes of elapsed time 
Íromthe seeding operation, the plane should descend 
in the cloud to observe the cloud structure and any 
apparent precipitation as either snow or rain, 
Reaching the base of the cloud, the plane should in- 
crease the distance from the modified cloud, in- 
creasing tts distance away from it so that most 
photographs show both limits of falling snow or rain. 
If air is too hazy to permit this, the plane should 
approach to positions where photography is possible 
and take alternately pictures of right and left edges 
of the precipitation showing its locationwith respect 
to recognizable points on the ground. During this 
period, the plane should attempt to circle the pre- 
cipitation area to enable us to plot its area and Its 
development with time. We particularly want to 
know how long the precipitation lasts and whether 
it Increases or decreases with time. Observe and 
record whether the original cloud seems to be dis- 
sipated by the precipitation or whether precipitation 
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increases with time. Also note whether the effect 
shows any evidence of spreading to nearby clouds. 


Throughout all of this period, continuous records 
should be made every minute at zero seconds, +2 
Seconds of plane heading, air speed,temperature, 
and altitude. 


PLAN OF OPERATION OF OBSERVATION 
PLANE - FLIGHT B 


Upon take-off, communication should be estab- 
lished immediately with the seeding plane and con- 
trol tower after which the plane climbs immediately 
to an elevation about 2000 feet above top of selected 
cloud and at a distance of at least 10 miles where 
the plane should go back and forth over approxi- 
mately the same path. The plane should climb to 
keep pace with the vertical rise of the cloud. The 
horizontal distance betweenthe plane and the cloud 
should be such that the azimuth angle with respect 
to the seeded cloud does not change more than 20 
degrees per minute. With this condition, successive 
photographs will show distant points beyond the top 
of the seeded cloud in adjoining pictures. 


Photographs shouldonly be taken while the plane 
is moving approximately at right angles to the 
seeded cloud. This, of course, means that the 
photographer must alternately use the port and 
starboard sides of the plane for his photographs. 


This plane also must keep an accurate record 
of heading, altitude, air speed, and temperature be- 
Sides the tilt and azimuth of the camera, allofsuch 
records and photographs being taken every minute 
at zero seconds +2 seconds. 


FLIGHT C 


Cloud Studies and Attempts to Produce Clouds 
in Clear Air 


PURPOSE 


To explore the properties of cirrus clouds and 
to attempt to induce the development of ice crystal 
clouds by seeding clear air with ice nuclei when 
the air is supersaturated with respect to ice but 
not water. 


PROCEDURE 


Use elther a B-17, a B-29, or a lighter plane 
equipped for high-level flying. When cirrus clouds 
are visible, the plane should climb into them 
equipped with at least 50 pounds of granulated dry 
ice and with cameras using panchromatic, infrared 
and color film. It shouldalso have a good tempera- 
ture-measuring device capable of recording to at 
least -409C which should be equipped if possible 
with a recording chart having a speed of at least 
one foot per minute. It would be desirable to also 
record altitude on the temperature record. 


While still 2000 feet below the lower reaches of 
the cirrus clouds, the temperature-altitude -record- 
ing unit should be started. Previous to this, tem- 
perature-altitude records should have been made 
from the time of take-off every minute at zero sec- 


onds. If possible, the plane should climb through 
the ice crystal cloud and above it. Photographs on 
elther panchromatic or infrared fllm shouid be 
made as the cloud is approached and then color 
used if any optical effects are observed, such as 
halos, sundogs, or other similar formations, 


After passing through the cloud, the plane should 
be flown into a region free of visible clouds but 
level with the tops. A seeding run should be made 
in the area free of clouds dispensing one pound per 
mile inthe standard seeding pattern, l.e., seed with 
dry ice in a heading of 360 degrees for 1 1/2 min: 
counterclockwise swing for one min; heading of 270 
degrees for 1 1/2 min; stop seeding. Continue In 
counterclockwise swing for 1 min; heading of 180 
degrees for 1 min at which time 1 pound of dry ice 
1s dumped suddenly; then continue for 1 min with 
same heading and dump remainder of dry ice (be- 
tween 10 and 50 pounds). 


Since the altitude and temperature would rarely 
permit climbing above the seeded pattern for photo - 
graphing, the plane should drop to a level 10,000 
feet or more below the seeding level and go into 
the same type of observation circle recommended 
for Flight A. Using a circle of from 20 to 30 miles 
in diameter,a bank of about 3 degrees, and turning 
at the rate of about 16 degrees per minute,the plane 
Shouldcirclethe seeded area and obtain photographs 
every minute at zero seconds obtaining the same 
kind of data on heading, altitude, temperature, and 
air speed as in Flight A. The photographer will 
obviously use the window on port side as before, 
but will have to tip his camera up instead of down 
to obtain pictures, These maneuvers will, of course, 
be unnecessary lf the air ls not supersaturated with 
respect to ice. The photographer should record 
the time, the tilt of his camera, and the azimuth 
with each photograph. 


After making one complete circle of such a di- 
ameter that all of the seeding effect is includedin 
each photograph, circling should continue if any 
effect is still visible. At least once every flve 
minutes, an observation should be made related 
to the exact geographic location of the plane with 
respect to the terrain below. If lower clouds ob- 
scure the ground, radar fixes should be obtained 
whenever possible, as well as accuratetime records 
whenever any radio range is crossed. After mak- 
ing the first complete circle and before the effects 
disappear or blend with the surrounding cloud sys- 
tems, It would be desirable, if practicable, to climb 
to the original seeding level and obtain photographs 
from this position looking down toward ground. 


FLIGHT D 


Cloud Modification Dry Run 
PURPOSE 


Dry runs for developing seeding and photographic 
techniques by going through complete seeding and 
photographic operation using a large unsymmetri- 
cal lake as a simulated target. 


PROCEDURE 


Synchronize watches sothat all have same time 
to zero seconds. 


Use Sacandaga Reservoir (see map)as simulated 
Seeded area. Make mockseeding runstarting from 
Union Mills at an elevation of 10,000 feet, When 
above the vicinity of Union Mills, start the run 
with a heading of 360 degrees for 11/2 minute. 
Then turncounterclockwise for1 minute to a head- 
ing of 270 degrees and continue with this heading 
for 11/2 minute. Again turn for 1 minute to a 
headjng of 180 degrees and continue with this head- 
ing for 2 minutes, After completion of the run, 
start a circular climb in a counterclockwise direc- 
tlon planned sothat the dlameter of the circle when 
reaching 25,000 feet Is approximately 30 miles and 
the plane has a tilt of about 3 degrees and turns ín 
a counterclockwise direction about 16/deg/min. 
Climb at 500 ft/min. 


Fromthe time to take-off to landing, make record 
of altitude to nearest 100 feet and heading within 
5 degrees, every minute on the minute +2 seconds. 
Make a reading of the temperature for every 1000- 
foot change in altitude although closer readings 
should be made during climb and descent fromthe 
mission. Also record the air speed. 


Aiter making the seeding run and starting to 
circle, the photographer should begin to take pic- 
tures of the reservoir every minute on the minute, 
recording the angle and azimuth of each shot. The 
angle should be read, if possible, with an accuracy 
of +5 degrees and the azimuth with an accuracy of 
+10 degrees. Each photograph should containfea- 
tures common to the preceding one and should in- 
clude the horizon, the Batchellerville and Northville 
Bridges, and all of wide waters. 


All observations, where practicable, should be 
made on synchronized watches exactly on the min- 
ute within +2 seconds unless arrangements can be 
made to have one person control the timing. How- 
ever, even though this can be arranged, synchro- 
nized watches should be used by all in any eventof 
failure of communications system or the need for 
using it for other purposes. 


After completion of the seeding run and whlle 
still at 25,000 feet, head due east or west for north- 
south leg of Albany Radio Range and recordthe 
time at which it is reached. Head for the cone and 
record the time at which it is reached. Descend 
making a complete record of temperature -altitude 
relationships and then return to port. 


FLIGHT E 


Study of Microstructure of Clouds at Above 
Freezing Temperatures 


PURPOSE 


To study the microstructure of clouds having 
temperatures above freezing. Both stratus and 
cumulus cloud forms of all types should be studied 
with as much synchronous quantitative data as pos- 
sible obtained during flights through them. Such 


data as liquid water content, particle size, particle- 
size distribution, turbulence, temperature, humidity, 
altitude, air speed, vertical acceleration, and the 
occurrence and amount of falling precipitation 
should be obtained. The general purpose of such 
flights isto obtain basic fundamental data for testing 
present theories on the factors which lead to the 
formation of precipitation. 


PROCEDURE 


Have one B-17 fully equipped with recording in- 
struments which will fly into clouds of the types 
mentioned. Just before entering the cloud, all of 
the recording instruments are started and checked 
for their performance. When word is received 
from the several stations in the plane that every- 
thing is working and running satisfactorily, the pilot 
heads the plane into the cloud anda run of from 
five toten minutes is made, the longer period being 
desirable if the cloud is large enough. 


Detailed flight techniques will be developed and 
describedafter afew trial runsarecompleted. For 
the preliminary flights, the following procedures 
are proposed, During all of these passes through 
the cloud, as complete records as possible should 
be made. 


(1) Fly into the cloud at a definite altitude and 
attempt to maintain this inltial altitude as exactly 
as possible using whatever controls are necessary 
to do so. Observe and record the amount of move- 
ment of the stick which is required to accomplish 
this maneuver. x 


(2) Fly into the cloud at a definite altitude and 
try to keep the plane level, with the stick stationary, 
if possible. 


(3) Start climbing at a rate of 200 feet per min- 
ute at least 500 feet below the cloud base and hold 
the plane to this climb, using the stick as required. 
Climb for at least 10 minutes at this rate, oruntil 
the plane emerges at the cloud top. If the cloud has 
a thickness greater than 2000 feet, climb at a rate 
of 300 to 500 feet per minute, the rate belng deter - 
mined by the fact that the flight path in the cloud 
Should not be longer than 10 minutes. Subsequent 


plans will very likely alter this condition but, for 
the present planning, we do not desire records 
much greater than of 10-minute duration. 

(4) Same plan as the preceding except that, if 
possible, the stick should be held stationary through- 
out the climb. 

(5) Enter the cloud just within visible base and 
maintain specific altitude for five minutes, using the 
stick whenever necessary. 

(6) Same as(5) but keep the plane in level flight. 


(7) Enter the cloud just below the top and main 
tain specific altitude for five minutes using stick 
as required. 


(8) Same as(") but keep the plane in level flight. 


In each instance, it is desirable that the pairs of 
conditions (1) and (2); (3) and (4); (5) and (6); (7) 


, and (8) are carried out consecutively with as little 


loss of time between them as possible. Alsoflights 
(1), (5), and (7) should be made as another consecu- 
tive set of observations as nearly as possible in 
same cloud with one flight following the other as 
rapidly as possible. 


When isolated clouds are usedfor study purposes, 
the shadows which they cast on the ground should be 
employed whenever possible for maneuvering the 
plane into specific regions of the cloud. By locating 
the cloud's shadow on the ground (or a lower deck 
of clouds), the plane can be maneuvered with re- 
spect to it by locating the shadow of the plane and 
watching it as the shadows come together. 


Even though clouds are not present in the air, 
much important information can be gained in the 
early stages of this flight program by producing 
specific movements of the controls and noting the 
type of acceleration-altitude-time records obtained. 
This will provide basic information which will lend 
itSelf subsequently to quantitative analysis of the 
type of movements encountered within a cloud sys- 
tem. 

More details and modifications of these general 


flight procedures will be issued as memoranda 
when progress and experience shows the need. 


COMBUSTION OF INFLAMMABLE LIQUIDS 
CONTAINING SILVER AND IODINE 


A method of silver iodide smoke generation which 
may hold promise is the combustion of liquid fuels 
containing silver and iodine, These components would 
be volatilized in the flame and form silver iodide 
smoke. At the present time very little work has been 
done on this particular method. This arrangement is 
attractive because it might prove possible to use oil 
burners and internal combustion engines as nuclei 
generators by adding silver and iodine to the fuel. The 
question of the harmful effects of these substances on 
the burner or engine would have tobe carefully studied. 
A big problem in using this method is togetthe silver 
intosolutioninthe oil. The iodine offers little difficulty 
as it is easily soluble in oils and gasoline. Common 
Silver salts have very little solubility in oils. Silver 
stearate may have sufficient solubility to permit its 
being used in oil or gasoline. 


Silver iodide is quite soluble in acetone as 
AGI (NaI)3H2O, A solution of this sort was burned as 
a spray and gave numbers of nuclei. In the concentra- 
tion used, about 5 per cent of the presence of the salt 
seemed to inhibit the burning of the flame, and it was 
difficult tokeepit going. It is possiblethat this method 
might be developed into a satisfactory generator of 
nuclei. 


INTRODUCTION OF POWDERED SILVER 
IODIDE INTO POWDERED COAL OF 
POWER PLANT FURNACE 


A method for dispersing silver iodide nuclei that 
may be quite simple and effective is to introduce silver 
iodide into the coal burned in a power plant. Thetem- 
perature of combustion is high enough to vaporize the 
silver iodide, and it might be possible to introduce the 
Silver iodide in such a way that nuclei of the desired 
size and number are produced. A qualitative experi- 
ment to disperse silver iodide in this manner was 
carried out last winter. Twenty-five grams of powdered 
Silver iodide were introduced intothe coal being fed to 
the furnace of a power plant at the Schenectady Works 
of G. E. From the point where the silver iodide is 
introduced, the coal proceeds to a pulverizer where it 
is ground to about 200 mesh. Then it is blown with 
compressed air intothe furnace. The fly ash arid other 
products of combustion are exhausted through a stack 
about 200 feet high and 12 feet in diameter. The coal 
is consumed at the rate of about 12 tons per hour, The 
experiment was carried out when there was an over- 
cast of supercooled clouds in the sky. No effects that 
could positively be attributed tothe silver iodide were 
observed. No measurements were made on the num- 
bers of nuclei produced because of the difficulties in 


obtaining samples. 
Possible difficulties, with this method are inter 


ference with nucleation caused by soot particles, loss 
of silver by reaction with fly ash, and wrong size 
particles. 


SILVER IODIDE FLARES 


Several dozen flares were made up by a local fire- 
works company. The composition of the flares was 
the same as their regular, red signal flare with the 
difference that 2 grams of silver iodide was substituted 
for the 2 grams of strontium carbonate used to give the 
red color. The flares are mostly potassium chlorate 
and weigh 37 grams. A flare was found to produce 
about 1013 nuclei during its burning, which took about 
one minute. This is nota particularly efficient source 
of nuclei compared to others. However, it is a con- 
venient method. 


SILVER IODIDE IMPREGNATED CHARCOAL 


One of the most hopeful methods of generating silver 
iodide nuclei in large numbers is burning charcoal 
which has been impregnated with silver iodide. Much 
work must yet be done to determine the most satis- 
factory concentrations of silver iodide in the charcoal 
and the best method for burning it. At the present 
stage of development, the method is giving encourag- 
ing results. 


The impregnated charcoalis made by soaking char- 
coal briquettes, made by the Ford Motor Company, in 
asolution made by dissolving 30 grams of silver iodide, 
30 grams of sodium iodide in a liquid made of 1000 cc 
of acetone and 150 cc of water. The silver iodide and 
the sodium iodide form a double salt which is soluble 
in acetone. The double salt is soluble in water; how- 
ever, the concentrated solution precipitates out silver 
iodide if it is diluted with water. Acetone has the ad- 
vantage that it can be made as dilute as desired with 
no precipitation taking place. The impregnationof the 
briquettes is quite simple and rapid. Ittakes about five 
or ten minutes for the charcoal to absorbthe solution. 
After the briquettes have absorbed the solution, they 
are removed from the liquid, and the acetone and water 
evaporate, Jeavingthe impregnated charcoal. Ordinary 
wood charcoal is satisfactory for this method; how- 
ever, it absorbs the solution more slowly and, for this 
reason, the briquettes are used. Some experiments 
were made using coke instead of charcoal. However, 
it was found that a single piece of coke will not remain 
burning in an air stream. This rules out the use of 
coke except incases wherealarge enough fire is made 


to maintain combustion. 
To produce silver iodide smoke, charcoal is burned 


ina stream of air. The heat of the burning charcoal 
vaporizes the silver iodide at the surface. There- 
sultant silver iodide vapor is rapidly condensed and 
diluted by the moving air stream to form an invisible 
smoke. The rate of burning of the charcoal and con- 
sequently the rate of vaporization of the silver iodide 
is determined by therate of air flow over the charcoal. 
This means that the rate of air flow which condenses 
and dilutes the silver iodide increases as the rate of 
liberation of silver iodide is increased. 


The size and number of silver iodide particles pro- 
duced will depend on the way the charcoal is burned, 
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the air velocity over it, and the amount of silver iodide 
inthe charcoal. For different conditions, it may be 
desired to have smokes of different particle sizes. 
The solution described for impregnating the charcoal 
gives charcoal with about 1 per cent of silver iodide. 
This impregnation will be used until a better idea is 
obtained as to what sort of smoke is most desirable 
in various applications. 


A charcoal burner has been made whichis intended 
primarily for use on an airplane. It is illustrated in 
Figure 1l and in Figure 2. In operation the burner 


projects from the bottom of the fuselage. The motion 
of the plane provides the air stream for the burning 


of the charcoal in the perforated metal section in the 
bottom of the tube. Tests have been made with this 
generator on the ground using a blast of compressed 
air tosimulate the velocity of air flow produced by the 
plane. It was found that this generator produces about 
1014 nuclei per second with a consumption of about five 
pounds of impregnated charcoal per hour. This is a 
silver iodide consumption of ten milligrams per second, 
or $1.00 worth per hour. 


The burner illustrated in Figures 1and2 is intended 
toleave a trail of smoke behind which will gradually 
diffuse into the atmosphere. The generator inFigure 3 
is so constructed that it will shower out pieces of burn- 
ing charcoal from the burner beneath the plane. As 
these drop, they will leave trails of nuclei in much the 
same fashionas dropping pieces of solid carbon dioxide. 


Experiments nave been made to determine how far 
burning pieces of charcoal fallbeforethey areentirely 
consumed. Results were obtained by regulating a 
stream of air ina vertical tube sothat a piece of char- 
coalremained stationary inthe air stream as it burned. 
From the amount of air which had flowed through the 
tube and the diameter of the tube, it was possible to 
calculate the distance of fall. The results of these 
experiments are shown in Figure 4 along with similar 
data obtained with dry ice. 


Work is underway to develop a portable generator 
for use on the ground. It is planned to use a blower 
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to produce the air stream for burning the charcoal. 
At present the airplane-type generator is beingused 
for work onthe roof ofthe Laboratory. A large quantity 
of compressed air is required, and it is believed that 
a blower would be more economical. 


In using the burning charcoal method of smoke gen- 
eration, it is necessary that the air stream be suffi- 
ciently strong to prevent any ash building up on the 
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charcoal. If ash does form on the suríace, a large 
portion of the silver iodide is retained in the ash rather 
than being liberated as a smoke. A wind velocity of 
20 miles per hour or greater seems to be sufficient 
to prevent ash accumulation. It is, therefore, possible 
to operate a generator in the air moving past an auto- 
mobile. This may be a useful method in some cases. 


SILVER IODIDE IMPREGNATED EXCELSIOR 


Work has recently been started to investigate the 
possibility of producing large quantities of nuclei by 
burning excelsior impregnated with silver iodide in 
the same manner as the charcoal. It is believed that 
this method might be a very convenient way to create 
the smoke without the need of any equipment. If a 
sufficiently large mass of excelsior is used, the heat 
of combustion should create a strong draft for produc- 
ing the smoke and should help carry the smoke to upper 
cloud layers. Results thus far on the excelsior are 
qualitative. It has been found that a burning strand 
passed through the box produces large numbers of 
nuclei. The excelsior probably is similar in its op- 
eration to the charcoal method as the excelsior in 
burning forms charcoal, which inturn burnsto produce 
nuclei. 


PRODUCTION OF SMOKE BY SPRAYING 
SILVER IODIDE SOLUTIONS 


It is possible to produce smokes of silver iodide 
particles by atomizing volatile liquids containing silver 
iodide in solution. When the drops of spray evaporate, 
they leave behind small particles of silver iodide. 
This technique has been used to produce nuclei in the 
cold box. Sprayingasaturated water solution of silver 
iodide or an acetone solution of silver iodide and 
potassium iodide and allowing the spray to evaporate 
produces effective nuclei. 


The main limitation of this method is the fact that 
spray nozzles andatomizers don't produce sufficiently 
small drops to make the method attractive on alarge 
scale. With an atomizer it is difficult to produce a 
spray with an average dropsize much less than 10 mi- 
crons. An atomizer producing the same number of 
particles as the charcoal-type generator would bere- 
quired to atomize several hundred gallons of solution 
per minute which would require a large amount of 
energy and equipment. 


TESTS USING SILVER IODIDE IN 
NATURAL CONDITIONS 


Several silver iodide flares were tested in a super- 
cooled cloud on Mt. Washington, but no definite results 
were obtained. 


On May 9, 1947, a charcoal-burning generator was 
tried on a supercooled cloud in aflight made by the 
Signal Corps. Theseeding flight was made two hundred 
feet below the top of a cloud with a temperature of 


-149C. Some observers in the plane thought that a 
shallow trough was formed in the cloud, while others 
could see no effects. The type of generator used in 
this flight did not release any burning particles large 
enough to fall anappreciable distance sothat the nuclei 
were left ina line behind the plane rather than dropping 
through the cloud. It is, therefore, likely that whatever 
effects did occur were not spectacular. 


Experiments have been made to see whether it was 
possible to operate a silver iodide smoke generator at 
one position and observe nuclei in a cold box several 
miles down wind. On April 10, 1947, a charcoal- 
burning generator was operated continuously írom 
9:40 a.m. to 10:52 a.m. on the roof of Building 5. At 
the same time observations were made on a super- 
cooled cloud in a frozen foods cabinet in Alplaus, New 
York, about five miles down wind from the generator. 
The observations were as follows: 


9:15 a.m. No crystals observable 

9:45 a.m. No crystals observable 
10:15 a.m. Crystals 6 or 8 inches apart 
10:25 a.m. No crystals observable 
10:35 a.m. No crystals observable 
10:45 a.m. Crystals 2 inches apart 
11:00 a.m. Crystals 8 to 10 inches apart 


The wind duringthe experiment was about 10 miles per 
hour. While theseresults are by no means conclusive, 
it is possiblethat the effects observed werethe results 
of the silver iodide smoke released. 


The next experiments onsilver iodide smokes in the 
atmosphere willinvolve flights above and below super- 
cooled clouds using charcoal-type generators. It is 
believed that the technique of dropping burning pieces 
of impregnated charcoalthrough clouds willgive more 
Significant results thanthe smoke generator previously 
used. 


THE PRODUCTION OF RAIN BY A CHAIN REACTION 
IN CUMULUS CLOUDS AT TEMPERATURES ABOVE FREEZING! 


by 


Irving Langmuir 
General Electric Research Laboratory 
Schenectady, New York 


I, EVAPORATION — CONDENSATION THEORY 
OF CLOUD DROPLET GROWTH 


Because of the effect of surface tension, small 
droplets in clouds have slightly higher vapor pres- 
sures than the larger droplets. The smaller drops 
thus evaporate to give vapor which condenses on 
the larger ones. Although the vapor pressure dif- 
ference amounts to only a few hundredths of one per 
cent, this phenomenon is very important in deter- 
mining the rate of growth of the cloud particles 
within the first few minutes after they are first 
formed at the base of a cumulus cloud. However, 
after the droplets have grown to diameters of 20 
to 30 microns, this process proceeds extremely 
slowly, and it is not possible in this way alone to 
account for the relatively rapid formation of rain 
which sometimes occurs in cumulus clouds. 


This evaporation - condensation theory of the 
growth of particles inaerosols was developed early 
in 1942 and led to the design of a screening smoke 
generator. In the years 1943 to 1945, in connection 
with the studies of formation of rimeor ice on air- 
craft, measurements were made, on the summit of 
Mt. Washington, of the rate of deposition of ice on 
slowly rotating cylinders of various diameters’ ex- 
posed to supercooled clouds blowing over the sum- 
mit at known velocities. A method was evolved for 
determining the diameters of the cloud droplets, 
These data indicated that the droplets increased in 
size and decreased in number after they were 
formed at the base of the cloud by the cooling of 
the air by adiabatic expansion, 


The same quantitative evaporation - condensa- 
tion theory that had been so useful in the develop- 
ment of the smoke generator was again found to be 
applicable. The following semi-empirical equation, 


consistent both with the experimental data and the 
theory was obtained 40 
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where d is the diameter of the droplets in microns, 
Tec is the temperature in °C, w is the liquid water 
content in g/m3, and V is the vertical component 
of the wind velocity in meters/sec. 


(1) 


This equation should presumably be at least ap- 
proximately applicable to the growth of water drop- 
lets inclouds of thefree atmosphere, Experiments 
(Project CIRRUS) are being planned to test this 
theory in airplane flights and to develop a better 
knowledge of the growth of cloud droplets. 


According to the Mt, Washington experiments, 
we should expect that droplets in summer cumulus 
clouds at +20°C should growto a diameter of about 
26 microns in one minute and to about 72 microns 
in 30 minutes. Under mild winter conditions with 
cloud temperatures of 0°C, the diameters should 
be only 14 after one minute or 44 microns after 
30 minutes. According to W.J. Humphreys (Physics 
of the Air) droplets of 100 microns diameter fall 
with a velocity of only 25 cm/secand so in30 min- 
utes in quiet air could fall only 450 meters. How- 
ever, in actively growing cumulus clouds there are 
upward vertical currents of several meters per 
second that would prevent the descent of these drop- 
lets and would even carry them to great heights, 


Since cumulus clouds often develop rain within 
less than 30 minutes after their formation, we see 
that some other mechanism than that assumed in 
the evaporation - condensation theory must be in- 
volved in rain formation, 


1. A preliminary account of this work was included in an address before the National Academy of Sciences 


in Washington, D. C., on November 17, 1947, 


(See Staff Report, Chem, Eng. News, 25, 3568, 1947.) A 


paper covering substantially all the material in this report was presented before the American Meteoro- 
logical Society at the meeting in New York on January 28, 1948, This complete report will also be pub- 
lished in the Journal of Meteorology. 


IL. NATURAL PROCESSES WHICH CAUSE 
THE FORMATION OF HEAVY RAIN 


Some 18 years ago, T. Bergeron and W. Findei- 
sen emphasized the important role that might be 
played by the growth of snowflakes in the upper part 
ofa cloud if this reached a temperature below freez- 
ing. The vapor pressure of supercooled water at 
-209C is 22 per cent higher than that of ice at the 
same temperature and under these conditions, snow- 
flakes grow thousands of times faster than water 
drops, Findeisen, even inrecent papers, has main- 
tained that rain of sübstantial intensity can only 
form after thetop of the cloud is above the freezing 
level and contains ice nuclei, 


On the afternoon of a hot day near the end of 
May, 1944, with a surface temperature of +30°C, 
I observed very large rain drops falling from a 
turbulent, broken, relatively small cumulus cloud 
which I estimated did not have a height exceeding 
7000 feet, so that the temperature could not have 
been below freezing. Later,I found that most Army 
and Navy pilots who flew in the South Pacific area 
reported that heavy showers over the Pacific Islands 
frequently occur from clouds thatare wholly below 
the freezing level, For example, according to a 
forthcoming publication by Colonel B. G. Holzman 


and Major D. L. Crowson on weather techniques 
used during Operation f'Crossroads," at Bikini, 
“Showers occurred with great regularity from 
clouds with bases at 1500 feet and with tops at 5000 
to 6000 feet, Air crews complained that it rained 
harder from these clouds than from larger devel- 
oped cumulus, '"? 


In Project CIRRUS, experiments haye been made 
by the Signal Corps and Navy using Schaefer's 
method of seeding stratus and cumulus clouds by 
means of dry-ice pellets, Theseexperiments have 
all given results which support the theories of Ber- 
geron and Findeisen in regard to the rapid growth 
of snow as soon as suitable nuclei are present. 
During the last summer numerous large cumulus 
clouds have been seeded at 20,000 to 28,000 feet 
and have always given very heavy rain which reached 
the ground within 15 to 25 minutes. Usually the 
clouds subsided rapidly within 5 to 15 minutes, but 
in a few cases, they grew to greater heights. 


The remarkable speed with which heavy rain 
developed in the part of the cloud below the freezing 
level indicated that some unrecognized mechanism 
was acting. 


II. ACCRETION THEORY OF GROWTH 
OF RAINDROPS 


In the summer of 1944, I undertooka theoretical 
investigation of the factors that can cause the for- 
mation of large raindrops in clouds, which contain 
no snow crystals. Some droplets inthe cloud, hap- 
pening to be of more than average size, would fall 
more rapidly and so wouldovertake the others and 
coalesce with them. It was then assumed that this 
growth by accretion would proceed at first slowly, 
but the rate of growth would increase rapidly as 
the drops acquired higher velocities and cross- 
sections. As the drop falls, it sweeps through an 
approximately conical volume and a certain fraction 
E of the droplets withinthis volume would be inter- 
cepted or collected by the drop. By assuming that 
the velocity of fall increases with the square of the 
radius in accord with Stokes' Law (only approxi- 
mately true) and that the cloud contains a uniform 


liquid water content w, (g/m3), it was found that 
the reciprocalof the drop radius decreased linearly 
as the time increased so that after a definite time 
t the drop should grow to infinite size. The following 
equation was obtained (Aug., 1944). 


t = 18n/Egwro. (2) 


Here nis the viscosity of air, E the collection 
efficiency, g the accelerationof gravity, w the liquid 
water content of the cloud, and rọ the initial radius 
of the drop (which started falling at time t = 0). 
Equations were also derived for the growthof drop- 
lets in a cloud in which the air is rising with a given 
velocity. It was realized that the actual size to 
which the drop could grow might be limited by the 
thickness of the cloud or by a small collection ef- 
ficiency. 


2. See article by W. J. Kotsch, Bull, Amer. Meterol. Soc., 28, 87 (1947). 
3. The Production of Ice Crystals in a Cloud of Supercooled Water Droplets. V.]. Schaefer, Science, 104, 


457-459 (Nov. 15, 1946). 
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IV. DEPOSITION OF RIME ON CYLINDERS, 
SPHERES, AND RIBBONS 


: During the winter of 1943-44, Mr, Schaefer and], 
in co-operation with members of the staff of the 
Mt. Washington Observatory, had made studies of 
the rate of growth of rime on rotating cylinders, 
and we made experimental and theoretical meas- 
urements of the collection efficiency for rime col- 
lection, 


A theory had been proposed by Albrecht#, ac- 
cording to which the fog particles, consisting of 
supercooled water droplets, move with the air 
around the cylinder when the droplets are very 
small, but move in trajectories that allow them to 
strike the cylinder when the droplets are larger. 
He showed that deposition of droplets of radius r 
carried by a wind of velocity v can occur on a cylin- 
der of radius C only when rv/C exceeds a certain 
critical value that depends on the viscosity and 
density of the air and the density of the droplets, 
Albrecht’s calculations were not accurate. Later, 
Muriel Glauert in England made more careful com- 
putations of the trajectories and of collection effi- 
ciencies, but she considered only cases where the 
wind velocities were much lower than those preva- 
lent on Mt, Washington, 


In 1945 (Army Contract W-33-038-ac-9151) we, 
therefore, made a thorough investigation of the 
trajectories of spherical particles carried by air 
flowing around cylinders, spheres, and ribbons. 
The integrations were carried out by a differential 
analyzer. The results were givenina report (by 
K. B. Blodgett and myself) submitted to the Army 
Air Forces, Materiel Command, in the form of 
equations, tables, and 12 figures showing families 
of curves which give the collection efficiency, the 
distribution of the deposit on the collector surface, 
and the impact velocities and angles oí incidence. 
This report wil! be referred to hereafter as the 
**1945 Report," 


These data will probably be published within a 
few months in the Journal of Applied Physics. 

A. Efficiency of Deposition on Collectors. The 
efficiency of deposition E depends on the wind veloc- 
ity, the droplet size, and the size and shape of the 
collector, Inthe cases considered in the report, 
the wind velocity and the collector size were as- 
sumed to be sufficiently high so that the airflow 
around the collector was of the aerodynamic type 
(like that of an ideal frictionless fluid), The data 
are, therefore, not directly applicable to the case 
of the collection of cloud droplets by a water drop 
during its growth to rain drop size, for in this case, 


4, Albrecht, Physikalische Zeitsch., 32, 48 (1931), 


the fall velocities are so low that the airflow around 
the drop is that characteristic of a viscous fluid. 
For this reason while the differential analyzer was 
set up for the solution of these droplet trajectories, 
a few calculations were carried out for the case of 
viscous flow around the surface of a sphere. It was 
hoped that theseresults would be useful in calculat- 
ing the growth of rain drops by accretion during their 
fall through clouds. 


To understand the factors involved in the prob- 
lem of calculating the deposition efficiency E for 
accretion by falling rain drops, we will discuss a 
few of the concepts that were used inthe 1945 Report. 


Whena small spherical droplet of radius r moves 
with a sufficiently small velocity v through a gas 
having a viscosity, , it is acted uponbya frictional 
force f given by Stokes’ Law: 


í = OÓmqrv. (3) 


Stokes’ Law does not apply for particles of larger 
size with higher velocities. In general, however, 
the force f can be accurately expressed by 


í = 6mqrv (CpR/24), (4) 


where Cp is the “Drag Coefficient" for spheres 
and R is the **Reynold's Number” defined by 


R = 2erv/n (5) 
where e is the density of the air, 


The drag coefficient is a function of R only.” 
The values of the quantity CpR/24, which occurs 
in Eq. (4), are given as a function of R in Column 2 
of Table II. For low values of R, it approaches 
unity as a limit so that Eq. (4) reduces to Stokes' 
Law, Eq. (3), The calculations of Albrecht and 
Glauert on the efficiency of rime collection involved 
the assumption that the force was given by Stokes’ 
Law. Actually, for the wind velocities occurring 
during riming conditions, the factor CpR/24 is 
usually very much greater than unity, 


B. The “Range” of Cloud Droplets. The de- 
pendence of the collection efficiency E upon such 
variables as the radius ofthe collector, the wind 
velocity U and the droplet radius r, can conveniently 
be expressed interms of the range" À of a droplet 
of radius r which may be defined as the distance 
which the particle can move as a projectile when 
introduced into still air with an initial velocity U. 
As the velocity of the droplet decreases the re- 
sisting force acting on it finally becomes so small 
that Stokes’ Law applies,and the droplet thus comes 


5. Modern Developments of Fluid Dynamics by S. Goldstein, p, 16, 
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to rest after having travelled a finite distance À. 
Actually therangeofa high-velocity particle cannot 
be calculated by Stokes’ Law. However, we find 
that the range Às , calculated onthe assumption that 
Stokes’ Law does hold atall velocities, is a quantity 
that has great value in the theory of collection ef- 
ficiency. The range As is given by 


À g5 (2/9sr?U/, 
where es is the density of the spherical droplet, 


Let K be the ratio of As to the radius C of acy- 
lindrical collector; then we have 


K =A,/C = (2/9)e,r2U/cn. (7) 

The critical condition for which the droplets first 

begin to strike the cylinder was found tobe K = 1/8; 

that is, y droplets can strike the cylinder unless 

the range A. of the droplets exceeds 1/8 of the radius 
of the cylinder. 


This critical condition is exactly fulfilled even 
if the airflow velocity U is so high that Stokes’ 
Law derivations make the true range A much less 
thanA,. 


(8) 


For the case of rime collectors having the form 
of spheres of radius 8, we have in place of Eq. (7) 


K =Ag/s = (2/9)9,:2U/SQ (8) 


The critical condition for which cloud droplets 
first begin to reach the surface of the sphere is 
obtained by putting K - 1/12, where K is given by 
Eq. (8). 


The calculation of the collection efficiency E 
was based on the assumption that all fog particles 
that strike the surface of the sphere coalesce with 
it. Later we shall considerthe evidence regarding 
the extent to which non-coalescence (bounce off) 
may be a factor which limits the collection effi- 
ciency. 


If, U,the velocity of the airflow past the sphere, 
and the radii of the fog droplets are small enough, 
then the motion of droplets with respect to the air 
carrying them brings into play forces which are in 
accord with Stokes’ Law. Under these conditions, 
E is a function of K only, and the relation, as taken 
from the 1945 Report, is givenin the second column 
of Table I. 


During the summer of 1947, I developed improved 
methods of calculatingthe trajectories of particles 
carried bya wind closeto the surface of a collector 
for the case of large values of K. I have thus de- 
rived the following equation for the efficiency of 
collection by a sphere 


E - X?/(K + 1/2)? (9) 
The values given by this equation are in excel- 


lent agreement with the data of the 1945 Report for 
all values of K greater than 0.2. 
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Deviations from Stokes' Law cause E, for any 
given value of K, to decrease if the product Ur be- 
comes too large. It was found, in general, that E 
could be expressedas afunctionof Kand of another 
dimensionless parameter @ defined by 


= Ry2/K = 18p?sU/mes. (10) 
Here R,, is a Reynold’s Number calculated as in 
Eq. (5) except that we replace v by U according to 


Ry = 2rU/n. (11) 


It is seenthat (p depends onSU but is independent 
of r, the fog droplet radius, 


Under Mt. Washington conditions (-10°C, 785 mb 
pressure) we have @ = 0,00104 g/cm, e s = 1.0 
g/cm?, andM= 1.66 x 1074 g/cm sec so that Eq. 
(10) becomes : 


tp - 0.117 SU. (12) 


In the riming experiments on Mt. Washington, 
we were dealing with collectors having radii rang- 
ing from 0,2 to 5 cm and wind velocities from 10 
to 110 miles per hour (4,5 to 49, meters/sec) so 
that (p ranged from 10 to 2600. For icing ofair- 
craft values of of the order of 10000 are to be 
expected, The data of the 1945 Report showed thet 
with spherical collectors, for K = 5, the efficiency 
E was 0.83 for ®= 0; 0.71 for = 100; 0.63 for 
(P= 103 and 0.51 for P= 104. 


C. Efficiency of Deposition oí Rain Drops. We 
wish, however, to know the collection efficiency 
for falling rain drops, According to Humphreys 
the largest rain drops have a radius of about 0.25 
cm and fall with a velocity of about 8m/sec so that 
qnever has values greater than 23. This is so 
small that no appreciable error will be made in 
considering that the motion of the fog droplets takes 
place in accord with Stokes' Law. 


Whether motion ofthe air near the surface of 
the spherical collector or rain drop is of the aero- 
dynamic type (ideal fluid) or of the viscous flow 
type (Columns 2 and 3 of Table I) depends upon the 
value of another kind of Reynold's number calcu- 
lated from an equation like (11) except that the fog 
droplet radius r is replaced by S, the radius of the 
spherical collector. We may place 


R, = 208U/R. (13) 
Comparing Eqs. (13) and (10) we see that 
Rg = (1/9) @s/P)Y. (14) 


Under Mt. Washington conditions, we can put 
@,/@ = 1000 so that R, = 110.9, and, therefore, in 
our riming experiments R, (or rather the cor- 
responding quantity R, for cylinder) had values 
ranging from 1100. to 290000. and for airplane icing 
Re was of the order of 106, 


The aerodynamic type of flow takes place with 
very high Reynold’s numbers R and we are thus 
justified in using the data of Column 2 for riming 
experiments with large spherical collectors and 
possibly for the largest rain drops. 


found that for K - 10 (andg - 0, i.e., Stokes' Law) 
that E = 0,64. It was also found that the critical 
condition (below which E = 0) occurred very nearly 
at K = 1.0 instead of the critical value K = 1/12 for 
aerodynamic flow around a sphere. 


TABLE I 


LIMITING VALUES OF THE COLLECTION EFFICIENCY E 
FOR SPHERICAL DROPS OF RADIUS S FALLING THROUGH 
CLOUDS CONTAINING CLOUD DROPLETS OF RADIUS r 


(Stokes' Law is assumed to hold for the motion of the cloud droplets) 


Limiting Values of Collection Efficiency 


EA Ey 
Aerodynamic Flow Viscous Flow 
(crit) 0 
- 0 
0.15 0 
0.2 0 
0.4 0 
0.6 0 
1.0 0 
1,214 0 (crit.) 
15 0.066 
2.0 .186 
3.0 326 
5. .472 
10. .634 
20. .160 
50. .872 
100. .924 


During the early stages in the growth of the 
falling drops, the value of Rg is far less than 1000, 
and so it is probable that the viscous type of flow 
corresponding to Stokes’ Law and to low values of 
Rs will correspond more nearly to the conditions 
that determine the collection efficiency. 


The theoretical flow lines and the velocity com- 
ponents for air motion near spheres are known for 
both limiting cases (aerodynamic flow and viscous 
flow) and have been used in the calculations of the 
1945 Report. With aerodynamic flow the highest 
velocity (3/2)U occurs near the suríace of the 
sphere (at its equator), but with the viscous. flow 
the velocities approach zero everywhere over the 
surface of the sphere and the reduction invelocity 
of the air extends to considerable distances, falling 
off at large distances approximately with the in- 
verse square of the distance (inverse cube for aero- 
dynamic flow). 


In the 1945 Report, differential analyzer results 
are given for two sets of trajectories of droplets 
carried by a viscous fluid around a sphere. It was 


.956 


During September,1947, new calculations were 
undertaken to determine E for viscous flow. With 
improved methods the result was obtained about 
October 1 that the eritical value of K was 


Korg = 1.214 (15) 


During October the theory was extended to cover 
all values of K and on November 5 the following 
equation was derived 


E = 1/ [1 + (3/4)(1n 2E)AK - 1.219]? (16) 


The data in the third column of Table I were 
calculated by this equation. The value E = 0.634 
at K - 10 agrees well withthe value E - 0.64 deter- 
mined in 1945, 


In order to be able to use these data to obtain 
the rate of accretion by falling drops, it is necessary 
to know the value of K, According to Eq. (7) this 
requires knowledge of the velocity U at which the 
drop falls through the air. 


V. CALCULATION OF TERMINAL VELOCITY 
U OF A FALLING DROP 


To calculate the velocity we can use Eq, (4) in 
the form 
= OASU (CpR,/24), (17) 
and can put the force f equal to that exerted by 
gravity 
f = (4/3 8?e,e. (18) 
Eliminating f, we get 
Un(CpRs/24) = (2/9)g,es?. (19) 
If the droplets are so small that Stokes’ Law 
holds, we can put CpR,/24 = 1 and get for the ter- 
minal velocity 
U = (2/9)p,68?/n: (20) 
To calculate U for larger drops we can elimi- 
nate U from Eq.(19) by using Eq. (13) and so obtain 


= (9n? /4ees&) (CpRs2/24) (21) 


We may now choose any value of Rs, as in the 
first column of Table II, and get CDR 2/24 by mul- 
tiplying CpRs /24 in Column 2 by Rg. Then, by 
Eq. (21), S can be obtained. The values of S in 
Column 3 of Tuble II were calculated by taking 
n= 1.713 x 1074 g/sec.cm, e - 0.001007 g/cm’, 

s = 1.00 g/cm3, and g = 980 cm/sec2, in accord 
with the conditions typical of an altitude of 2000 m 
as given in Table III. 


Similar calculations of S and U have also been 
made for the conditions corresponding to 5000 and 
8000 meters altitude as given in Table IIL By 
plottingall three sets of data on double-logarithmic 
paper using U as ordinates and S as abscissas, it 
is found that the curves lie close together, within 


'12 per cent, at the lower ends (small S), but they 


TABLE II 


THE DRAG COEFFICIENT Cp FOR SPHERES AND 
THE TERMINAL VELOCITIES U OF 
FALLING SPHERICAL RAIN DROPS OF RADIUS S 
IN AIR AT 785 mb PRESSURE AND +2°C 


Q 


2.4 
noe 


Shoo 


2640 
2960 


TABLE III 
TYPICAL CONDITIONS AT VARIOUS ALTITUDES 


Alt, 
Meters 


separate gradually until at the highest values of S 
(10004), the values of U for 8000 meters are 29 
per cent higher than for 2000 meters. Thus the 
effect of altitude is not large and for most purposes 
may be neglected. In the remainder of this paper, 
we shall use only values of U and S given by Table 
II, i.e., for 2000 meters. 


The data of Table II are subject to two sources 
of error from factors that have been neglected in 
their derivation, Stokes’ Law, Eq. (3), is based on 
the assumptionthat the sphere is rigid. It has been 
shown by W.Rybcezynski? that for spheres having 
negligible internal viscosity (for example, air 
bubbles in a liquid) the coefficient 6 in Eq.(3) should 
be replaced by 4, An equation was given for this 
coefficient in terms of the ratio of the viscosities 
of the sphere and the surrounding medium. For 
water droplets at -5°, = 0.021 while for air at this 
temperature (= 0.000168. From this we conclude 


that the coefficient of Stokes’ Law should be de- 
creased only 0.27 per cent - a negligible effect. 


Drops which are larger than about 2500 w in 
radius break into smaller drops in falling through 
the air and the maximum velocity at sea level is 
about 800 cm/sec, about 880 at 2000 meters and 
about 1330 cm/sec at 8000 meters, 


A more serious effect is produced by the de- 
formation of the falling drops. Large falling drops 
become flattened and are in a state of constant os- 
cillation,and the resisting force exerted by the air 
is then increased. Humphreys, in the Physics of 
the Air, gives a table of the observed velocities 
(at sea level) of drops of various sizes. For those 
having radii up to 50044, the velocities agree well 
with those of Table II, but with a radius of 105044 
the velocity is 600 cm/sec as compared to about 
700 from the data of Table I (adjusted to sea level 
conditions). 


VI, CALCULATION OF THE EFFECTIVE 
EFFICIENCY E OF DROPLET COLLECTION 
BY FALLING DROPS 


In Table I upper and lower limits are given for 
the collection efficiency by falling droplets. The 
upper limit E4 for aerodynamic flow corresponds 
to high Reynold's Numbers Rg while the lower limit, 
Ey, for viscous flow, corresponds to low values of 
Rs. 

We may estimate the range of values of Rg over 
which the transition from Ey to E, occurs by con- 
sidering how the relation between U and S in Table 
II depends on Rs. For low values of R, the velocity 
U is given by Stokes' Law, Eq. (20), and in this 
range U varies in proportion to and depends on 
the viscosity n but not on the density Q of the air. 
Thus for low values of Rg or S, U varies inversely 
as the viscosity f] and so from the data of Table III, 
U increases only in the ratio of 1 to 1.12 as the 
altitude changes from 2000 to 8000 meters. 


6. W. Rybczynski - Anz. Ak. Krakau, p. 40, (1911). 
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The drag coefficient Cp, which canbe calculated 
from Table II, for low values of Rs is approximately 
equal to 24/Rg but at high values decreases more 
slowly. Thus at Rg = 50, Cp is 1.6 instead of 24/40 
= 0.48. At Rs = 1200, Cp = 0.426 and beyond that 
Cp decreases very slowly to 0.38 at Rẹ = 3500; 
then increases to 0.417 at 16000, rises to a maxi- 
mum of 0,47 at 60000, and decreases to 0.41 at Rs 
= 160,000, Thus with reasonable accuracy, we can 
say that for high values of Rs, above 1000, Cp has 
a constant value of 0,40 which we may represent 
by Co. By insertingthis value in Eq.(19) and com- 
bining with Eq. (13) we find 


= (8/3)0 sgS/Co e . 


This limiting expression gives U varying in 
proportion to the square root of S/p. Thus, ac- 


(22) 


cording to Table III, in this range for any given 
value of S, U increases inthe ratio 1 to 1.39 as the 
altitude changes from 2000 to 8000: meters. 


An examination of the double-logarithmic plot 
of U(S) from the data of Table II shows, in accord 
with the limiting expressions of Eq. (20) and Eq. 
(22), that the lower end of the curve practically 
coincides with a straight-line asymptote having a 
slope 2, while the upper end is nearly a straight 
line ofslope 0.5. The point where thesetwo straight 
lines intersect can be calculated by imposing the 
conditions CpR,/24 = 1 and Cp = Cy = 0.40. Thus 
the intersection occurs at Rg = 24/0.4 = 60. A 
rough approximation to the whole course of the 
curve U(S) can be had by following the lower line 
according to Eq, (20) up to Rg = 60 and, for higher 
values, shifting to the other line corresponding to 
Eq. (22). A much better approximation can be had 
by constructing any reasonable ''transition curve’’ 
joining the two limiting straight lines by a smooth 
curve, 

A similar method may now be used to estimate 
the transitional cases between E4 and Ey. I have 
adopted the empirical equation 


E =[By + Ea(R,/60)] /[1 + (Rg/60)] 23) 


This has the advantage that for values of Rg 
small compared to 60, E becomes nearly equal to 
Ey while it approaches E4 when Rg is large com- 
pared to 60. 


The method of applying this interpolation formula 
requires careful consideration, The two limiting 
curves, E,(K) and Ey(K), were constructed from 
the data d Table I and are shown up to K=5 in 
Fig. 1. It is clear from the nature of the airflow 
near the stagnation point that for intermediate 
values of 8 there will always be a critical value of 
K below which no deposition occurs, and these 
critical values will increase progressively from 
K = 0,125 for 8 =ooto K = 1.214 as S decreases to 
zero. Itis reasonable, therefore, to use Eq. (23) 
to obtain these critical values that lie along the K 
axis in Fig. 1. However, for larger values of K, 
where the curves for E4 and Ey are nearly paral- 
lel, interpolation can be carried out along vertical 
lines (constant values of K). For intermediate 
cases with K less thanabout 2,I have used Eq. (23) 
to interpolate along straight lines which radiate out 
from a point on the K axis at K = 2,5 since these 
lines cut across both curves approximately atright 
angles to their tangents. By this procedure, the 
interpolated curves in Fig. 1 were constructed, 


TABLE IV 


THE COLLECTION EFFICIENCY E FOR DROPS OF 
RADIUS 8 FALLING THROUGH A CLOUD OF 
SMALLER DROPS OF RADIUS r 


(r and S in microns) 


Radius r 


Calculatedfrom data of Fig. 1 and TableII by usingK = 1297 r2U/S, 
For values of 8 greater than 10004, U was taken according to the ex- 
perimental data to have the constant value of 900 cm/sec at 2000 meters 
altitude which corresponds to the limiting velocity of 800 cm/sec given 
by Humphreys and Lenard at sea level, 


TABLE V 


CRITICAL RADII OF FALLING DROPS 
BELOW WHICH NO ACCRETION 
OCCURS FOR VARIOUS CLOUD DROPLET RADII r 


Each curve corresponds to a constant drop radius 
S. 


The values of Rs to use in Eq. (23) were taken 
from Table H. Thus for S = 250, Rg/60 = 1.05 and, 
therefore,by Eq.(23) E is very close to the arith- 
metic mean of EA and Ey. It will be seen in Fig. 1 
that the curve for S = 250 lies half way between the 
curves for EA and Ey. 


It is probable that tbese results are of reason- 
ableaccuracy andrepresentthe general dependence 
of the collection efficiency upon the radii of the 
falling drops and of the cloud droplets. 


Table IV contains data for the collection effi- 
ciency E fordrops of radius S falling through a 
cloud consisting of smaller droplets of uniform 
radius r. If we introduce into Eq. (8) the values of 


@s = 1.00 and H= 1.71 x 107? for an altitude of 2000 
by Table III, we have 


K - 1297 r?U/S, (24) 


whererandSare expressedincmand U in cm/sec. 
For any selected value of S the corresponding U/S 
is given in Table II, and by introducing this and r 
in Eq. (24) we find K, From these and S, by Fig. 1, 
we obtain the values of E given in Table IV. 


When the cloud droplets are of small radius 
(below 8) there is a critical size of falling drop 
below which, E, the efficiency of collection is zero. 
These values are shown in Table V. 


The starting of rain in a cloud thus requires 
not only the production of some larger drops that 
can fall out, but requires that the average droplet 
size in the cloud shall be fairly large. 


Vu. THE RATE OF GROWTH OF FALLING 
DROPS BY ACCRETION 


When a spherical drop of radius S and mass 
(411/3)S20,, falls with velocity U througha cloud 
containing a liquid water content w, in grams/cm?, 
the rate of increase in weight (per second) is 
nS2UwE. We thus obtain 


dS/dt = wUE/40, (25) 


The efficiency E, as given by Table IV, varies 
with S and with r, the radius of the cloud droplets. 
If z isthe height of the dropletaboveany arbitrarily 
selected horizontal plane, we also have 


dz/dt = U. (26) 


By division dt can be eliminated from Eqs. (25) 
and (26): 


dS/dz = wE/4s. (27) 


In general, w is a functionof z while E is afunc- 
tion of S, Therefore, this equation can be solved 
by integration: 


f» dz - 4g, [as/e. (28) 


If the droplet size r is constant throughout a 
given cloud layer, E depends onS only and the sec- 
ond integral can be obtained from the relation be- 
tween E and S in Table IV. 


If in any layer in a cloud we can regard W as 
approximately constant, we can integrate Eq. (25). 


t = (4@,/w) f dS/EU. (29) 


To calculate the rate of growth of falling drops 
and its depencence on the water content and the 
cloud droplet size, we need the integrals in the 
second members of Eq. (28) and (29), There have 
been calculated, by Simpson's rule, from the data 
of Table IV (with intervals closer than those shown 
inthat table) and the results are recorded in Tables 
VIand VIL Let us represent these integrals by 
the symbols A and B defined by 


81 
A= f dS/E. (30) 
So 


TABLE VI 


THE INTEGRAL A = 4 


81 
dS/E 
So 


and 


(31) 


The integration in Tables VI and VII have been 
carried out between a variable lower limit Sọ and 
a fixed upper limit S1 = 3000s 
the values of U calculated fromthe drag coefficient 
Cp for spheres (Table II) are greater than 900 


Above S = 1300 w 


cm/sec, which is probably the maximum fall veloc- 
ity at an altitude of 2000 m. Assuming the drop, 
for greater values of S, is an oblate spheroid and 
considering the effect of the deformation on the 
weight and on Cp, I have estimated that the ratio 
ofthe vertical (minor) axis tothe horizontal (major) 
axis is about 0.78 for Smax = 18004; 0.67 for Smax 
= 2400,; and 0,58 for Smax = 30004. Lenard (Mete- 
orolog. Zeit. -(1904), 249-262) finds that drops 
break up at average diameters of 5.0 mm, this 


TABLE VII 


THE INTEGRAL B = af 


81 
dS/EU 
So 
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being calculated from the weight of the drop by 
assuming it to be spherical. 


For an oblate spheroid lke the one T calculated for 
a dropof Smax = 3000 the effective radiusas used 
by Lenard would be 3000 x (0.58)1/3 = 2500« which 
corresponds to a diameter of 5.0mm. The value 
S = 3000 in the first columns of Tables VI and VII 
represents Smax for a drop of effective diameter 
5.0 mm. 


In carrying out the calculations for A and B for 
values of S larger than 130044 Egs. (28) to (31) were 
modified by multiplying the second members byA, 
the ratio of the minor to major axis. This is equiva- 
lent to assuming aspherical droplet of densityA es 
insteadof Q.. Inthis way, the effect of the deforma- 
tion can be taken into account, 


The integralin the first member of Eq. (28) is 
the total liquid water in the cloud inthe layer covered 
by the integration, expressed in grams/cm2, or 
since = 1,it isalso the depthof the theoretically 
available precipitation measured in cm. If we rep- 
resent this precipitable water by we have, using 
Ea. (30), 


W= w dz =A. (32) 
From Eas. (29) and (31) we get 
t = B/w, (33) 


where w must be regarded as a mean value of w in 
the layer being considered. 


Let us illustrate the use of these equations and 
tables by calculating the time required and the dis- 
tance traversed bya drop (initial radius 4042 before 
it has grown to a radius of 1000 aby falling through 
a cloud in which the droplets are of 8 radius and 
the liquid water content is 1 g/m3 or w = 10-8 
g/cm’, From Tables VI and VII, we find A = 1.30 
cm and B = 0,00386 sec. Eqs, (32) and (33) then 
give W= 1.30 cm and t = 3860 sec. 


A cloud layer 1000 meters thick with a liquid 
water content of 1 g/m, (w = 10-8), will give a 
rainfall contribution 60.1 cm. Thus the 4044 drop 
would have toíall13000 m through such a cloud be- 
fore it could grow to 30004, We see then that the 
tabulated figures in Table VI multiplied by 104 
represent the distances in meters that drops must 
fall to grow to 30004. radius, 


The required distance of fall varies, of course, 
inversely in proportion to the water content w. 


The time required for this growth, 3860 sec or 
64 minutes, also varies inversely as w, The time 
in seconds required fora droplet to grow from one 
size toanother ina cloud containing 1 g/m3 is 1000 
times the difference between the corresponding 
tabulated values in Table VII. Thus in the cloud 
that we are considering (r = 8u), a droplet would 
take 5000 sec or 1.39 hours to grow from 15. to 
25m; 0.40 hours more to grow to 4044, and2970 
sec or 0.82 hours to grow from 40. to 100044 


This rapid acceleration in the growth is due to 
the increase in each of the three factors: velocity 
of fall, radius, and collection efficiency. These 
factors were also taken into account in the early 
work which led to Eq. (2). Inserting the values of 
4 and g this becomes 


t = 3.1 x 10-9/ EwS,, (34) 
which is to be compared to Eq. (33). 


For the example we have chosen with S - 40 
and w = 1079, we obtain t = 780/E sec, and, if we 
take the average efficiency, Table IV, to be about 
0.5, this gives t = 1560 sec, which is about 40 per 
cent of the value that we calculated from Table VI. 
The reason for the low values oft given by Eqs. 
(2) and (34) is that the derivation was based on 
Stokes' Law which gives resisting forces lower 
than those actually encountered by falling rain 
drops. 


It is evident from Eq. (32) and the data of Table 
VIthat in clouds in which there is no vertical mo- 
tion, rain drops can grow to a size large enough to 
cause break up only if the clouds have sufficient 
thickness and liquid water concentration to give a 
total water content of aboutü3- 1.0 cm, Only very 
large cloud masses, 12,000 or more feet in thick- 
ness, could meet these requirements and in such 
large clouds vertical motions always do occur. 


In connection with the derivation of Eq. (2) in 
1944,1 had made some calculations of the effect of 
rising currents of air within clouds and had con- 
cluded that the growth'of rain drops would be greatly 
favored by such motion. However, at that time I 
did not develop the quantitative theory very far, 
largely because I had noadequate knowledge of the 
collection efficiency E. 


VIII. HAWAIIAN EXPERIMENTS IN DRY-ICE 
SEEDING OF CLOUDS ABOVE 0°C 


On November 1, 1947, shortly after I had calcu- 
lated the values of EA and Ey given in Table I, Lt, 
Comdr, Daniel F, Rex, Chairman of the Operations 
Group of Project CIRRUS, showed me a letter he 
had received from his friend, Maurice H. Halstead, 
which enclosed a preliminary report prepared by 
Luna B, Leopoldof the Pineapple Research Institute 
and the Hawaiian Sugar Planters Experimental Sta- 
tionand by Maurice H, Halstead of the U.S. Weather 
Bureau describing dry-ice seeding experiments 
made during September and October. 


These experiments were undertaken although it 
was known that, in Hawaii, only well developed 
clouds reach high enough to penetrate the freezing 
level and such clouds almost invariably produce 
heavy rain without artificial inducement, 


The most interesting flight was that made on 
September 23, 1947,over the islandof Molokai which 
lies about 40 miles ESE of Honolulu, This island 
is roughly rectangular in shape with its long axis 
oriented almost east-west. Ithas a length of 36 
miles and a width of 6 - 8 miles, The mountains 
covering the eastern half of the island reach to 
nearly 4000 feet, and they are generally covered 
onthe north by a solid bank of stationary orographic 
clouds because of the northeasterly trade winds 
that prevail. 


The tests that will be described were made over 
a region near the center of the western half of the 
island. This half is much lower and has only one 
range of hills, the Maunaloa Hills, which reacha 
maximum height of about 1300 feet, and thus there 
are only occasional, scattered orographic clouds 
which form along the west end of the coastal cliff 
that characterizes much of the north shore, 


A sea breeze usually develops each day along 
the southern shore of western Molokai and this 
southerly wind meets the north easterly trade winds 
over the center of the island. The leading edge of 
this sea breeze front often gives rise toa line of cu- 
mulus clouds over the Maunaloa Hills and even over 
the sea just north of the north shore. These clouds 
normally give little or no rain so the cultivated 
lands of western Molokai are considerably drier 
than those of the other Hawaiian Islands, In fact, 
*convective showers are extremely rare" over 
this relatively dry western part of Molokai. 


Before any flights were made, a list was drawn 
up of the conditions that were considered favorable 
for the production of rain. 


1. Temperature inversions, which might limit 
cloud growth, should be absent or be abnormally 
high, 


2. Large moisture content should extend to ab- 
normal heights. 


3. The trade wind should be relatively weak so 
as to allow maximum surface heating by the sun on 
the southern half of the island, giving considerable 
convective activity and sea breeze flow over the 
island. 


4. The lapse rate should be steep. 


For the proposed flight tests, it was arranged 
to have an observer in the plane and two or more 
observers stationed on prominent hills to take notes 
and draw sketch maps of cloud distribution, rain 
sequences, etc. 


Since a short range forecast indicated favorable 
conditions, the first flight was made on September 
23, 1947, Radio sonde data were taken at Honolulu 
Airport, 60 miles away at 500 (i.e., 5 A.M.) and at 
1700 (5 P.M.). The two temperature-pressure 
curves were nearly alike. The afternoon curve 
showed that upto 3000 m the lapserate was nearly 
constant at 0,609C per 100 m whereas under these 
temperature conditions, the wet adiabatic rate 
would be 0.439/sec 100 m. The freezing level was 
at about 15,000 feet and at 5000 feet and 10,000 
feet, the winds were only 5 mi/hr with direction 
from 2100, ; 


At 830 there were three clouds in a row (NNE - 
SSW) near western Molokai. They had bases at 
about 2500 feet and the two larger clouds reached 
to about 7000 feet, Thenothernmost cloud extended 
from the coast to a point about 5 miles north of the 
north coast. The second cloud was over the hills 
forming the central ridge. These clouds were 10 
miles or more from the nearest of the orographic 
clouds over the eastern half of the island. 


By 1030the two larger clouds had joined to form 
a single roughly circular cloud about 8 - 10 miles 
in diameter havinga center over the sea about 2 - 3 
miles north of the coast. A flight over the cloud 
at this time showed that there were two maintower- 
ing masses of cumulus: The higher tower, denoted 
by X, was over a part about 3 miles north of the 
coast while the second one called Y was only slightly 
lower and was about 4 miles to the SW, directly 
over the coast line. 


The X-peak was seeded with 50 pounds of crushed 
dry ice just over the top at 8700 feet starting at 
1037 and ending at 1042, Almostimmediately after- 
ward (at1045) the Y-peak was similarly seeded. 
Ground observers reported seeing rain start at 
1046, only 9 minutes after the start of the seeding 
at a point directly under X,the portion of the cloud 


which was firstseeded. Thisraincontinued. Under 
the Y-peak observers reported seeing virga from 
the cloud about 15 minutes after seeding Y, but no 
rain reaching the ground under Y was recorded at 
that time, About one hour later, at 1145, rain from 
X had continued steadily and rain was falling over 
an area of about 2 square miles which had moved 
roughly 2 miles south from its original position at 
X. At this time, it was reported that steady rain 
was also falling from another area of roughly 2 
square miles in the position corresponding to the 
seeding done at Y. This rain area under Y then 
spread quickly and coalesced with that under X 
covering most of the Maunaloa Hills, This large 
Single rain cloud moved slowly southward and the 
rain area also extended to the west. This rain was 
estimated to have fallen over an area of 35 square 
miles in the western part of Molokai. 


During the day, several other clouds of size 
comparable to those seeded could be seen from the 
plane,but none of these produced precipitation with- 
in several hours after rain had started from the 
seeded cloud, 


In a second flight, it was noted at 1215 that the 
two cloud peaks had nearly coalesced and that they 
had built up to 15,700 feet, a rise of 7000 feet in 
95 minutes, From an altitude of 14,000 feet, an- 
other seeding was done with 100 pounds of dry ice. 
During the next 35 minutes a rainfallof 0.80 inches 
was recorded at the triangulation station, a point 
almost directly below the seeded cloud top. The 
total rainfallat this station mounted to 1.25 inches. 


During the afternoon, the cloud built up to an 
estimated 25,000 feet, drifted slowly (2 mi/hr) to 
the south giving copious rainover theocean between 
Molokai and Lanai (another island, 40 miles south 
of point X)and it rainedover a partof Lanai during 
the night. 


The preliminary report of Leopoldand Halstead 
gives a brief summary of other seeding experiments 
from September 24 to October 11. In 7 out of a 
total of 10 cases in which clouds over 3000 feet in 
thickness were seeded, rain was observed to fall 
within periods of time ranging from 9 to 30 minutes, 
the average being 16 minutes, However, outside 
of the tests of September 23, which we have already 
considered, only in one case(October 11) did more 
than a trace of rainreach the ground. On that date 
light rain which began 10 minutes after seeding 


7. Airplane Tracks in the Surface of Stratus Clouds. 


Sciences, 3, 385, (1936). 


covered an area of about 18 square miles and gave 
a recorded maximum of 0.10 inch, The cloud base 
was at 3600 feet and thetop at 7600 feet. The lapse 
rate, 0.68°C per 100 m at Honolulu, was rather 
high from the ground up to 6000 feet, but there was 
a temperature inversion between 6000 and 7500 
feet. The freezing level was at about 16,000 feet. 


On September 30 a small, nearly circular cloud 
about 3/4 mile in diameter and 2200 feet thickness 
was seeded by making several runs through the 
cloud dropping a total of 125 pounds of dry ice. 
It was observed that the cloud top rapidly lowered 
and within 7 minutes from the initial seeding, the 
cloud totally disappeared. Observers onthe ground 
reported seeing no virga or rain from it. 


In every test duringSeptember and October, the 
flight over the cloud produced an initial depression 
or diminution of height of about 300 feet within the 
first 3 - 4 minutes after seeding. With the thick 
clouds which gave persisting rain, the initial drop 
in height was quickly reversed and rapid building 
up occurred. 


The depressing effect of a flight over a cloud 
may in part, at least, have beendue tothe downward 
momentum delivered by the weight of the plane 
weighing 6 tons flying for 5 minutes within a cloud 
which in the September 30 tests, would deliver to the 
air a downward momentum of 1.5 x 1012 c.g. s. units. 
A cloud 1 Km in diameter and 500 meters thick con- 
tains 4 x 1012 grams of air,sothat the whole should 
be givenan average downward velocity of 4 cm/sec 
by the weight of the plane. Of course, the regions 
actually traversed by the plane would receive con- 
siderably greater velocities. 


Each gram of dry ice introduced into a cloud 
increases the apparent weight of the cloud by 0.34 
g because of the increased weight of the CO» as 
compared to the air which it displaces. Besides 
that, there is an increase in density of the cloud 
due to the cooling effect of the dry ice. This gives 
an apparent increase in weight of 2,46 grams - a 
total of 2.8 grams for each gram of dry ice. Thus 
the 125 pounds of dry ice caused an effective in- 
crease in weight of 350 pounds, giving in each second 
a downward momentum of 1.5 x 108; in 5 minutes, 
the total momentum due to this cause would be 4,5 
x 1010, only about 1/30 of that given by the plane. 
The direct effect of the CO» on the motion of the 
cloud thus seems unimportant, 


I. Langmuir and Alexander Forbes. 


J. Aeron, 


IX. RAIN PRODUCED BY A CHAIN REACTION 


The experiments described in the preliminary 
report of Leopold and Halstead (hereafter called 
L-H) appear to have been conducted with very great 
care,and theresults wererecorded with accuracy. 
The conclusions that I wish to draw from these ex- 
periments are as follows: 


1, The proof is excellent that heavy rain was 
produced bythe dry ice seedingruns of September 
23. 


2. The rain was produced very quickly - within 
9 minutes, 


3. The rain persisted but spread through the 
large cloud very slowly althoughthe cloud increase 
greatly in height. s 


4, The third seeding at 1212, 95 minutes after 
the first seeding, produced a very great and sudden 
increase in the rainintensity and inthe cloud height 
and caused the rain area to spread to about 20 
square miles, 


5. At the time of the first and second seeding, 
1037 and 1045, the lowest temperature within the 
cloud was about +10°C. According to the Honolulu 
radio sonde data, the temperature at the height of 
the cloud top (15,700 feet) at the time of the third 
seeding (1212) was about -29C, but at the seeding 
height(14,000 feet), it was -19C. However, we have 
found that the interior of the upper parts of large 
cumulus clouds is usually a few degrees colder 
than the surrounding air, so it is probable that the 
third seeding was done in a supercooled cloud. 


It is of interest to compare these results of the 
L-H flights with our own experiences in connection 
with the dry ice seeding of large cumulus clouds 
in Project CIRRUS.® 


Laboratory experiments, airplane tests, and 
physical theory have provedthat dry ice introduced 
into clouds of supercooled water droplets (tempera- 
ture below 0°C) gives almostinstantaneously num- 
bers of minute ice crystals of the order of 1016 per 
gram of dry-ice.? These nuclei grow rapidly, in 
accord with the Bergeron theory, into snowflakes. 
During July and August experiments were made, 
in Project CIRRUS, seeding high cumulus clouds 
whose tops reached far above the freezing level 
which range from 16,000 to 18,000 feet altitude, A 
comparison of the five conclusions of the L-H re- 
port listed above gives: 


1, In Project CIRRUS (hereafter called P-C) 
dry icealways producedremarked effects, turning 
the whole of the supercooled part of the cumulus 
cloud into ice crystals. The L-H data, however, 
showed much more variableresults. In the Septem- 
ber 23 tests, spectacular results were obtained, but 
on other dates, usually only traces of rain fell or 
sometimes no rain at all. 


2. The results with the L-H and the P-C tests 
were alike in that rain, if it was produced at all, 
fell within 10 to 30 minutes. 


3. With the L-H tests, the effect of the first 
and second seedings spread very slowly whereas 
in the P-C tests, the effect of theseeding continued 
to spread rapidly throughout the whole cloud giving 
the maximum effect within 10 to 15 minutes, 


4, The effects of the third L-H seeding on Sep- 
tember 23 were very much like those that were 
normally produced in the P-C project from dry 
ice seeding, 


5. The reason for this similarity is probably 
that in the L-H experiments at the time of the third 
seeding, the cloud had reached the freezing level 
So that the ice nuclei played their customary role. 


The mechanism involved in the production of 
rainby thefirstand second seedings of the Septem- 
ber 23 flights must evidently be very different from 
those involved in the P-C experiments with super- 
cooled clouds. 


In analyzing these data, it occurred to me that 
the rain production in the above-freezing clouds 
in the L-H experiments was not caused by the 
cooling effect ofthe dry ice, but by the water drop- 
lets introduced in the upper part of the cloud by 
the melting of the thin coating of ice which nor- 
mally collects on crushed dry-ice fragments due 
to condensation of moisture of the air. A plane 
flying through the top of a cloud may also introduce 
water droplets by the ''run-off'" of water drops 
from the trailing edge of wings, this water having 
been collected from the cloud droplets by the mo- 
tion of the plane through the cloud, 


The drops of water formed in either of these 
ways would be much larger thanthe ordinary cloud 
droplets, and they would fall through the cloud in 
accord with the accretion theory already con- 
sidered, These drops, under favorable conditions, 


8. A summary of the work done in Project CIRRUS up to June 1, 1947, is contained in a report now on sale 
by the Office of Technical Services. Mimeographed copies of the report (PB-81842, First Quarterly 
Progress Report, Meteorological Research) sell for $1.25. Orders should be addressed to the Office 
of Technical Services, Department of Commerce, Washington 25, D, C., and should be accompanied by 
check or money order, payable to the Treasurer of the United States, 


would grow to such size that they break up into 
two or more large drops and produce also a rela- 
tively large number of small droplets which, how- 
ever, would be larger thanthe cloud droplets. Each 
of these new drops or droplets might again grow to 
such size that they in turn can break, In the case 
of a thick cloud with large water content, this process 
might repeat itself many times, with the result 
that an amount of rain might be produced which 
would be very much greater than the amount of 
water introduced. In each stage of such a process, 
the number of droplets might increase perhaps by 
a factor of 10,so that if the cloud were thick enough 
to give three such stages, there would bean ampli- 
fication factor of 103, 


It is evident that evenwith such alarge amplifi- 
cation factor, it would not be possible to account 
for the formation of amounts of rain comparable 
with those observed from the first and second 
séedings of the September 23 L-H flights, where 
about 0.1 inchof rain was produced within the first 
hour over an area of perhaps 3 square miles. Such 
anamount ofrain would correspond to about 2 x 210 
grams or 20,000 tons while water introduced by the 
dry ice would perhaps be at the most a few kilo- 
grams, so that we would need an amplification 
factor of the order of 10". 


The indications are, however, that the first two 
seedings of the L-H flights produced a gradually 
increasingrainfall. This suggeststhat a true chain 
reaction was set up. This would be à process in 
which each rain drop leads to the production of at 
least one other rain drop under conditions such 
that the new rain drop has the same chance of pro- 
ducing another rain drop as the original one did, 


A. Chain Reactionin Snow Formation. In early 
studies of the effects to be expected from Schaefer’s 
dry iceseedingtechnique, we cameto a realization 
that innaturalsnow storms,there must be a mecha- 
nism by which enormous numbers of small ice 
crystals are generated so as to produce a continu- 
ous supply of effective nuclei. This is obvious when 
one considers that preceding these snow storms, 
the air normally contains relatively few nuclei com- 
pared with those needed to maintain a snow storm. 


The main cause of the generation of the ice 
crystals is the fragmentation of snowflakes pro- 
duced by contact between snowflakes which accumu- 
late in the upper portions ofthe cloud, In lower 
parts of the cloud, vertically rising currents may 
prevent the newly formed snowflakes from falling. 
In this way, even when there are relatively few nuclei 
inthe air,the concentrationof snowflakes can build 
up to such a high value that snowflakes coalesce 
into larger aggregates and these in turn, break 
apart again producing many small fragments. An- 
other effect is suggested by some observations 
made by Mr, Schaefer on the growth of ice crystals 


in the presence of strong electric fields, In such 
a field, there is a tendency for ice crystals to form 
long fibers in the direction of the field, This is 
perhaps due to the dipole attraction between the 
ice fibers and the supercooled water droplets near 
them in the presence of the field, With sufficiently 
large fields, these fibers grow to such size that 
they are brokenapart by the fieldand thus produce 
enormous numbers of small fragments, The evi- 
dence thus far obtained suggests that in this way, 
starting with a relatively small number of ice 
nuclei, anelectric field may lead toa great increase 
in the number ofice nuclei, Schaefer has observed, 
in fact, that in natural snow storms very-strong 
electric fields can be observed onthe ground, usu- 
ally stronger thanthose observedeven during sum- 
mer thunderstorms. 


As soon as there is a mechanism within the 
cloud by which each naturally occurring ice nucleus 
in the air produces on the average two or more 
other nuclei and these in turn multiply to produce 
two or more, we have the conditions required for 
the production of a chain reaction by which a self- 
propagating snow storm can be formed which re- 
quires nofurther influx of the naturally occurring 
ice nuclei, In analyzing the possibility of such a 
chain reaction, I was impressed by the important 
role that the vertically rising air currents would 
play. 


B. Chain Reactionfor Rain Formation Requires 
Vertically Rising Air Currents. Let us therefore. 
consider the modifications in the theory which we 
developed in our derivations Eq. (25) to Eq. (33) 
which would be necessary if theair within the cloud 
is rising with a velocity V. 


In place of Eq. (26) we then have 
dz/dt - V - U. (35) 


If, by division, we eliminate dt between this 
equation and Eq. (27) we obtain 


fo cz = 4e [v fas/eu - fasse] +- (36) 


Combining this with Eqs. (30), (31), and (32) we 
have in place of Eq. (32), 


0J =A - VB. (31) 


By this equation, we can calculate the growth 
of drops in a cloudof uniform water droplets which 
is rising with a steady velocity V. 


Let us now consider what the rising velocity 
must be in order that a chain reaction may occur. 
At present, for simplicity,let us assume that in the 
break up of a large drop, small droplets of radius 
Sg are formed, In order that these shall be carried 
upward by the rising air, V must be greater than 
Ug. The rising drops, however, grow in size by 
accretion and as they grow their velocity of fall, 
U, increases until finally at some height zy the 


fall velocity equals the velocity of the rising air. 
At this point, the particle has reachedits maximum 
height and then begins to fall. Let us denote by S), 
the radius of the droplet at the time ty at which 1 
has reached its maximum height zy. The particle 
continues to grow and z decreases until finally at 
some time ty the droplet has reached a radius S; 
at which it breaks up toform one or more droplets 
of radius Sọ, the size of the original droplets. 


If the height z} is lower than zo, the original 
height at which the first droplet was produced, then 
in repetitions of this process the new droplets will 
be formed at continually lower heights until finally 
the process terminates when the drop reaches the 
bottom of the cloud, This apparently does not con- 
stitute a chain reaction whichcan cause persisting 
rain. 


In order that a real chain reaction may occur, 
it is thus necessary that the final height z; shall 
be at least as great as zo, the initial height. The 
conditions under which the chain reaction can first 
occur are, thus, as in the case of other chain re- 
actions, extremely critical, This critical velocity 
Ve can be calculated by puttinguü)- 0 in Eq. (37). 
To understand this, we must consider that Wis ob- 
tained by integrating w over an interval at height 
z. We can assume that w is a function of z only so 
that if zy = zo, the contribution tolodue to the up 
motion of the dropfrom Zo to zw is positive, while 
the integral covering the range from zy to Zi has 
a negative value that exactly balances the positive 
increment, It is for this reason, therefore, in the 
special case that z; = Zo, we can put W= 0, Intro- 
ducing this condition into Eq. (37) we thus obtain 


Ve = A/B (38) 


The values of A and B are given in Tables VI 
and VII. By means of Eq. (38) we can thus obtain 
the velocity V for the different sizes of cloud par- 
ticles and drop sizes S as given in Table VII, It 
should be noted that the values of A and B that go 
into this equation are those that correspond to the 
two integration limits So and Sj where in the deri- 
vation of Tables VI and VII, S] was taken to be 
3000. The critical velocity Vo givenin Table VIII 
is, therefore, the velocity that corresponds to S, 
as given in Column 1. 


Table IX contains the droplet radius Sy at the 
time when the droplet reaches its greatest altitude. 
These data are obtained by taking values of Vc from 
Table VIII, and finding from the data of Table II 
the value of S that corresponds to U = V,, for this 
is the condition according to Eq.(35)thatthe altitude 
of the droplet shall be a maximum, ` 


Table X contains the value of), which repre- 
sents the water content of the cloudthatlies between 
the horizontal plane at z = z; and at the plane z = 
zw. This gives the thickness of the layer in which 
the chain reaction takes place. The value ofwy is 
obtained by 


Gy = Ay - VcBy (39) 


where Aw and By arethe values of the integrals in 
Tables VI and VII for values of S corresponding to 
Sy. By comparing the values of & with those of 
Ago, which according to Eq. (32) should be equal to 
63o. we see that the amount of water needed in the 
cloud to maintain the chain reaction is very much 
Iess thanthat which would be required for the growth 
of droplets to large size in a cloud in which there 
is no updraft. Table XI illustrates this effect for 


TABLE VIII 


THE CRITICAL UPDRAFT VELOCITY V, NEEDED 
FOR A CHAIN REACTION 


S Vc (in cm/sec) 


TABLE IX 


THE DROPLET RADIUS S,, AT THE TIME tą AT WHICH 
THE DROPLET REACHES ITS GREATEST AYTITUDE ZM 


SM (microns) 


TABLE X 


THE TOTAL LIQUID WATER CONTENT Wy THAT MUST LIE 
WITHIN THE CLOUD LAYER BETWEEN zo AND zw 
WITHIN VHICH THE DROPS GROW AND BREAK UP 


Www (cm of water) 


TABLE XI 


THE EFFECT OF AN UPDRAFT OF VELOCITY V. 
IN DECREASING THE CLOUD WATER CONTENT REQUIRED 
FOR THE GROWTH OF DROPS TO LARGE SIZE 


(For the example shown r = 10 microns) 
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a cloud consisting of droplets of 10 microns radius. 
The values of Ve are taken from Table VIII, Wg 
from Table VI, and ày from Table X, The last 
column contains the ratio W/G}. If, for exampie, 
there is an updraft of 5.15 meters per second and 
the breaking drops giveone or more smaller drop- 
lets of about 100 microns radius, then it is seen 
that the liquid water content of the layer in which 
the chainreaction takes placeonly needs to be 0.33 
cm. and this is only 28 per centof that which would 


be needed to allow large drops to grow in a cloud 
without updraft. 


The time t required for the growth of droplets 
depends primarily on the liquid water content w 
and, therefore, can always be calculated by Eq. 
(33). This can be used not only to get the total 
time that the particles grow from a radius Sọ to 
the break up point S1, but can be used to calculate 
the time for the droplet to grow to any other size. 


X, APPLICATIONS OF THE THEORY TO THE 
LEOPOLD-HALSTEAD DATA 


From the data of the L-H preliminary report, 
it is possible to form anestimate of the conditions 
within the cloud which was seeded on September 
23,1947. Table XII contains results of calculations 
from these data. The cloud base was at 2500 feet 
and the cloud top at 8700 feet. The fourth column 
contains the average of the temperatures given by 
the radio sonde at Honolulu at 500 and 1700, The 
temperatures in thethird column have been calcu- 
lated on the basisthat the ground temperature was 
289C and that from there to the cloud base, the 
temperature decreasedaccordingtothedry adiaba- 
tic lapse rate of 3.0°C per 1000 feet. Above that, 
the temperature was assumed to vary according 
to the saturated adiabatic as calculated from data 
given in Brunt’s book, The pressures were calcu- 
lated taking into account the temperatures in the 
third column assuming the pressureon the ground 
to be 1000 mb. The mixing ratio x in the sixth 
column expressed in kg/m? was calculated from 
the saturated vapor pressures according to the 
equation given at the bottom of the Table. The 
seventh column contains the mixing ratio for liquid 
water; at any altitude x + y retains the value that 
it had at 2500 feet, Multiplying y by the density of 
the air, we obtain the liquid water content as given 
inthe eighth column. Finally, by integrating this 
in accord with Eq. (32), we obtain the total liquid 
water from the cloud base up to a given height. 
The last column contains my estimate of the radius 
of the droplets, This calculation assumed that 
within the first 150 metersof rise abovethe cloud 
base,the droplets grew inaccord with the data ob- 
tained inthe Mt. Washington observations assuming 
the air was rising 6 m/sec. It was calculated that 
at this height the number of droplets was 148 cm-3, 
Athigher altitudes, this concentration was assumed 
to remain constant, the moisture released by the 
expansion being used to increase the size of the 
droplets. From various considerations which will 
be published elsewhere, I believe that this gives a 


more reliable result for cumulus clouds than would 
be obtained by direct application of Eq. (2) for the 
whole range of altitudes, 


A comparison of the values of x at the cloud 
base and on the ground level gives for the relative 
humidity on the ground 67 per cent. 


In many cumulus clouds, especially those whose 
altitude is large compared to their horizontal di- 
mensions, large amounts of relatively dry air may 
be drawn in laterally and mixed with the air in the 
cloud, Thus w may increase less rapidly than is 
given by a calculation based onthe saturated adia- 
batic curve. However, the cloud that we are now 
considering had a vertical height o1 about one mile 
and was about ten miles in diameter. It seems, 
therefore, that no appreciable amount of air could 
have been drawn laterally into the center of the 
cloud, but in this cloud, near the center, the air 
had all risen through the cloud base. In this case, 
the wet adiabatic curve must apply and the liquid 
water content can be confidently taken to be that 
calculated. 


We see that the total water content W} v.37 cm 
corresponds by Table X, for an effective droplet 
radius r = 15s, to an initial falling drop radius of 
So = 644. This means that no droplets iess than 
this diameter can take part in a chain reaction. 
By Table VIII we see that the critical velocity Vo 
must have been at least 414 cm/sec and, with an 
average value of w - 1.68 g/m3, the time for the 
growth of the droplets from 67, to 3000s would 
amount to 1400 seconds, This is much longer than 
the time at which visible rain was observed to fall 
from the cloud. 


The data of Tables VIII, IX, and X indicate, 
however, that there is a wide range of conditions 
under which chain reactions can occur in such a 
cloud, Thus it is possible that Sọ can have any 


TABLE all 


CALCULATIONS OF CONDITIONS FOR THE CLOUD 
SEEDED IN L-H EXPERIMENTS OF SEPTEMBER 23, 1947 


Altitude 


Temp | Radio | Pressure 


x y w w 
kg/m? kg/m? g/m? | cm 


r 


microns 


x = 0.622 e/(p -e) w =y 


value greater than 6%, The data of Table XIII have 
been calculated on this basis, The values of Ve 
are taken from Table VIII and GM from Table X, 
By plotting w and Wagainst altitude and comparing 
with values ofl ,, it is possible to calculate Az, 
these distances being measured from the top of the 
cloud down to the height corresponding to Zo, It 
is, of course, possible whenAz is small enough that 
chainreactions may simultaneously occur at several 
levels within the cloud, but the one which takes 
place most rapidly is that whichoccursat the high- 
est altitude, and it is this condition that has been 
considered in the derivation of Table XIII. The 
fifth column contains the average value of w within 
the layer involved in the chain reaction, The last 
column contains the time calculated by Eq. (33) 
using values of B obtained from Table VII. 


The interpretation of these data should be made 
with due regard to the observations of Lenard who 


considered the sizes of the fragments produced 
when water drops break up in rising currents of 
air. He found that rain drops of 5.4 millimeters 
diameter broke upinarisingair currentof 8 m/sec 
in many different ways: Four per cent broke into 
2 or 3 nearly equal parts, twenty-five per cent into 
very fine dust-like droplets, sixty-four per cent 
gave one large drop and a number of small drops. 
The fragments ranged in size rather uniformly 
from 1.5 to 3,5 mm in diameter, but there were 
relatively large numbers of much smaller droplets 
very much less than one millimeter in diameter, 


We see from Table XIII that the observed rapid 
development of rain which was observed below the 
cloud within 9 minutes - 540 seconds - would in- 
dicate, according to the Table, that the drops ef- 
fective in starting the chain reaction have radii 
greater than 200,4, and the vertical velocities within 
the cloud must heve exceeded 630 cm/sec. How- 


TABLE XII 


THE THICKNESS OF THE LAYER, THE VERTICAL 
VELOCITIES, AND THE TIME REQUIRED FOR 
CHAIN REACTION IN THE L-H CLOUD 


(r = 154) 


ever, these velocities need occur only within a 
'Jayer a few hundred meters thick inthe upper por- 
tion of the cloud. The fact that the terminal velocity 
of falling drops reaches a limiting value of about 
900 cm/sec, even when the droplets are still only 
about 1400ain radius, makes it possible for the 
chain reaction to start and produce large drops 
even withrelatively low values of liquid water con- 
tent. This fact undoubtedly accounts for the oc- 
currence of large water droplets inrelatively small 
turbulent clouds under tropical conditions, or in the 
cloud that I observed in May, 1944. 


From the foregoing analysis, it becomes clear 
that the conditions necessary to set up chain reac- 
tions in such clouds as those studied by L-H are 
very critical. If the vertical velocities, the liquid 
water content w, or the cloud droplet sizes r, are 
not sufficiently large, no chain reaction will occur 
even though there may be a multiplication of any 
water introduced into a cloud sufficient in some 
cases to produce transient virga. 


The final report of L-H which was sent me about 
December 1 contains also records of experiments 
made during November. Out of a total of about 45 
seeded clouds, 11 gave rain which reached the 
ground between 8 and 12 minutes after seeding. A 
few others gave merely virga. There were three 
cases where relatively heavy precipitation was ob- 
tained covering large areas. In general, the best 


results were obtained from the largest and most. 


actively growing clouds, 


The results, therefore, tend to support our con- 
clusion that the chain reaction involved in rain pro- 
duction can develop only when there are high vertical 


velocities and the clouds have a high liquid water 
content, 


Calculations have also been made for the type 
of cloud referred to in the statement by Holzman 
and Crowson in regard totropical clouds in Bikini. 
Such clouds should contain a liquid water content 
corresponding to W= 0.2 to0.3 cm which would re- 
quire vertical velocities of 6 m/sec or more to 
give a chain reaction. 


In large, summer cumulus clouds, such as those 
seeded during July and August by Project CIRRUS, 
w may have risento values of 3.0 cmor even more. 
With a value of w = 6 g/m3, it is no wonder that in 
these clouds chain reactions can occur which bring 
down such heavy rain. 


On the other hand, during the winter, the cloud 
droplets are smaller, the liquid water content lower, 
and the vertical velocities in cumulus clouds are 
lower. In general, therefore, under such conditions, 
it would not be possiole to set up or maintain a 
chainreactionofthetype we have been considering. 


In stratus clouds the verticalvelocitiesare very 
low, In the caseof convergent air masses, these 
stratus clouds would be lifted gradually and heavy 
rain and snow may result. But in general, these 
vertical velocities are not over 50 centimeters 
per second over any large areas, In such clouds, 
the air does not enter the base of the cloud, but the 
cloud as a whole rises with perhaps new layers 
forming under the parts that have risen. The dis- 
tribution and water concentration within the cloud 
thus depends mainly on the air masses from which 
the cloud has been derived and cannot, in general, 
be calculated from the saturated adiabatic curve. 


XI. TYPES OF RAIN AND SNOW IN RELATION 
TO SPONTANEOUS AND TO ARTIFICIAL 
SEEDING 


A. Stratus Clouds, In clouds of this type,drizzle 
or moderate rain may fall, presumably due to the 
gradual coalescence of small droplets to larger 
drops which subsequently grow in accord with the 
data containedin Tables VI and VII. These drops 
ordinarily do not grow to sizes sufficiently large 
to enable them to break up. For this reason and 
because of the low vertical velocity, there will be 
no chainreaction. In most types of heavy rain from 
stratus clouds, the process is accelerated by the 
presence of snow crystals in an upper layer which 
melt into drops of moderate size and increase 


greatly in diameter during their fall through the 
lower part of the cloud. In order that rain of this 
kind can be maintained, there must be a continuous 
supply of ice nuclei. In most cases, with heavy rain, 
it is probablethat the nuclei are produced by a kind 
of chain reaction in the upper layers by the frag- 
mentation of snow crystals. 

The theory of droplet growth that has been pre- 
sented in this paper has been based on a knowledge 
of the collection efficiency E derived onthe assump- 
tion that the falling drop is of large size compared 
to the cloud droplets. 


It is necessary to develop the theory in quite a 
different way where we have to consider the growth 
of small droplets within clouds consisting of fairly 
uniform droplets of 10 to 204 radius, The collection 
efficiency in this case is difficult to calculate. We 
have, however, been making experiments with glass 
spheres of various sizes falling through very viscous 
liquids so that the spheres fall at a velocity of 0,5 
cm/sec corresponding to Reynold’s numbers very 
much less than unity. The observations have shown 
that between equal spheres there are appreciable 
attractive forces whenthe distance between them is 
small compared to their diameter, Thus when the 
particles come into contact, they remain in contact. 
When the spheres differ slightly in size, we have 
apparently obtained contacts that indicate roughly 
a collection efficiency E of about 0,2. However, 
much more careful experiments need to be made to 
determine the variation of E with the sizes of the 
spheres. 


A preliminary theoretical study has indicated 
that the stability of such clouds depends largely 
upon a dimensionless quantity 


P= AEwt/As; (39) 


where 
A = (3/4)dU/ds, (40) 


and t is the time since the cloud of rather uniform 
droplets was formed by condensation. Over wide 
range values of S,A is approximately constant and 
equal to 6000 secl, When P, as defined above, is 
small compared to unity no rain should fall, but 
when P becomes comparable to or greater than 
unity, we may expect a new type of chain reaction, 
with conditions of instability that lead to a con- 
tinual productionof larger droplets which will sub- 
sequently grow in accord with the theory that we 
have already developed as given in Tables VI and 
VII. At present, we have practically no knowledge 
of E, Presumably it varies with the droplet size. 
In view of the observed relative stability of most 
stratus clouds,it is seen that the effective value of 
E must be relatively small; very much less than 
unity. We hope by the experiments in progress to 
get some idea of the values of E and in this way, 
see whether we can develop a better theory of the 
growth of rain from stratus clouds. 


B. Cumulus Clouds, The theory that we have 
outlined for the development of a chain reaction in 
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cumulus clouds has been based upon assumptions 
in regard to the structure of these clouds before 
any rainhas occurred, As soon asa chain reaction 
does set in, profound modifications in the cloud 
will occur. In the first place, the rain drops by 
their weight will tend to set up local down-drafts 
causing covergence in the upper layers and diver- 
gence below, The convergence abovetends to draw 
the rain into these down-drafts and thus accelerate 
the development of a cell structure within the cloud. 
In general, there will be corresponding increases 
in the up-drafts in the other parts of the cloud. The 
down-drafts undoubtedly are largely responsible 
for the very short time that elapses before the rain 
reaches the ground after a large cumulus cloud is 
seeded at a heightof 25,000 feet or more. Even in 
the smaller cumulus clouds of the L-H experiments, 
down-drafts must have contributed very greatly to 
neutralize the up-drafts which were general before 
seeding and finally to produce local down-draits 
that helped tocarry the rainrapidly to the ground. 


C. ArtificialSeeding of Clouds. Dry ice seeding 
of supercooled clouds produce effects that travel 
rapidly throughout the supercooled part of the cloud. 
Heat is generated by the freezing of the water drop- 
lets and the freezing out of additional water vapor 
so that the temperature is raised roughly 1°C, 
This produces turbulence which causes rapid 
spreading of the ice nuclei throughout the super- 
cooled cloud. 


The chainreaction in the production of rain can, 
under the right conditions, evidently be started by 
introducing even a single water drop into a cloud. 
The action should be most rapid when many large 
drops are introduced near the top of the cloud. For 
this purpose, it may be desirable to release the 
water from an airplane by use of a nozzle which 
directs the water backward with a velocity about 
equal to the forward motion of the plane, so that 
the drops are not broken up by coming into contact 
with the rapidly moving air. Another more con- 
venient method may betodothe seeding by dropping 
pellets of ordinary ice which in melting in contact 
with the air will give water drops of fairly large 
size, distributed through a large height within the 
cloud. It may be that inthis way hail, in a thunder- 
storm, greatly accelerates the development of the 
chain reaction in newly rising air masses in the 
lower part of the cloud, 


XI, SELF-PROPAGATING STORMS 


It has already been mentioned that when large 
cumulus clouds with supercooled portions are 
seeded with dry ice, effects of one of two kinds are 
observed. The cloud may either rain itself out and 
soon dissipate or it may rapidly increase in height 
and intensity and continue more or less indefinitely 
as a heavy rain storm. Which of these two occurs 
presumably depends upon the available moisture 
and stability of the surrounding atmosphere rather 
than on the conditions within the cloud. We must 
remember that when dry ice causes water droplets 
ina large cloud to freeze, it causes a liberation 
of heat amounting to about 19C. It is thus possible, 
in some cases, that this added heat may set up an 
air circulation around the cloud which draws in new 
supplies of moisture faster than therainis precipi- 
tated, Such effects when they occur may produce 
relatively widespread weather modifications. 


In clouds that have no portions below freezing, 
the setting up of a chainreactionby artificial seed- 
ing may remove so much water fromthe cloud that 
it lowers the weight of the cloud enough to increase 
the up-drafts, and thus to draw in large masses of 
new air, Consider,for example,a cloud containing 
3 g/m? of liquid water. If this is removed by pre- 
cipitation, the density is lowered by 0.3 per cent 
and this is equivalent to the lowering of density 
produced bya rise intemperature of 10C. It would 
thus appear, under favorable conditions, that water 
seeding in a cloud above freezing temperatures may 
cause a self-propagating rain storm to develop. 
There is good reasonto thinkthat the L-H experi- 
ment of September 23 was a case of just this kind, 
but none of the other 45 experments gave a storm 
that propagated for any large length of time. 


A change of density in a cloud mass correspond- 
ing to 1°C givesto the air anacceleration of g/300 
or about 3 cm/sec?. For a short time, the air 
starts to move with this acceleration so that a 


velocity of 300 cm/sec may be attained within 100 
seconds, However, the neighboring air masses 
are also involved in this motion and energy soon 
begins to be dissipated through turbulence. The 
velocities set up by changes of density resulting 
from seeding can be roughly estimated by taking 
an effective acceleration equal to one-half that 
corresponding to the change in density. When a 
cloudor air mass is thus accelerated, the maximum 
velocity reached will be the smaller of the two 
quantities: 


V = (1/2)e(Ap/e)t (41) 
or 
V =|sap/e)z (42) 


where Z is the vertical or horizontal dimension of 
the convection cell, whichever is smaller, 


Thus with a seeded cloud height of 1000 m,a1° 
temperature rise gives a velocity which increases 
about 15 cm/sec every second, but this velocity 
will not increase beyond a limiting value of about 
550 cm/sec. It will take about 300 seconds to at- 
tain this maximum velocity, After that, the energy 
will be dissipated by turbulence, These effects are 
much larger thanare expected by many meteorolo- 
gists, but they seem to be in full accord with the 
results given by seeding experiments. 


A, Spontaneous Seeding of Clouds. The phenom- 
ena that occur in the artificial seeding with dry -ice 
or with water are essentially no different from those 
that occur spontaneously in nature. However,there 
will frequently be cases where the cloud is not yet 
ready or ripe for spontaneous development of snow 
or rain, although it may be possible to produce 
these effects by seeding. Evidently, a great deal 
of detailed research will be needed to understand 
thoroughly the conditions under which the best re- 
sults may be obtained by artificial seeding. 


XII. WIDESPREAD WEATHER EFFECTS 
THAT START FROM SMALL BEGINNINGS 


When we realize that it is possible to produce 
self-propagating rain or snow storms by artificial 
nucleation and that similar effects can be produced 
spontaneously by chainreactions that begin at par- 
ticular but unpredictable times and places, it be- 
comes apparent that important changes in the whole 
weather map can be brought about by events which 
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are not at present being considered by meteorolo- 
gists. Ithink we must recognize that it will prob- 
ably forever be impossible to forecast with any 
great accuracy weather phenomena that may have 
beginnings in such spontaneously generated chain 
reactions. 


A NEW PLANE MODEL CLOUD METER 


by 


Raymond E. Falconer and Vincent J. Schaefer 
General Electric Research Laboratory 
Schenectady, New York 


During the past several months we have attempted 
to developthe G. E. Cloud Meter for use indetailed 
analysis of variations in liquid-water content within 
a cloud. The method of measuring and recording 
this data (described in the First Quarterly Report) 
utilizes anelectrical counter circuit, whereby com- 
pletion of the circuit depends upon the growth ofa 
drop of water between a set of fixed contacts, The 
growth of the droplet to a size sufficient to operate 
the counter circuit may take several seconds de- 
pending upon the amount of liquid water (Lọ) being 
measured. Thus only a few “counts” may bemade 
in, say one minute, which means that we canonly 
detect changes in on the basis of a one minute 
average. (With very low values of Lj, a two minute 
average may be necessary.) 


In actual flights through clouds, it was realized 
that the counter system of recording might not give 
the detail needed in determining smallvariations 
in liquid-water content, We, therefore, decidedto 
try another method which had been considered pre- 
viously but not used, 


This method uses the porous plug collector which 
is connected through a scaled system to asmall, 
verticalcapillary tube, The tube is about 20 cm long 
with the lower end of it rounded smooth. The tube 
is filled with water previous to exposure, andthis 
head of water applies asuctionto the collecting sur- 
face of the porous plug. Any cloud droplet arriving 
at the surface of the collector will then beimmedi- 
ately drawn into the capillary, This excess of water 
in the system causes water to flow fromthe rounded 
end of the vertical tube in proportion to the amount 
of water being collected on the porous plug. 


A moving tape of paper having shallow, close- 
spaced parallel creases (at 90° to the direction in 
which the tape is moving) is kept in slight contact 
with the rounded end of the capillary tube. Any 
water that comes out of the end of this tube will be 
absorbed into the paper and willspread by the capil- 
lary action of the creases (and that of the fibers of 
the paper) in proportion to the amount of water de- 
livered. The material in the paper will, of course, 
be a factor in the amount and rate of absorption. 


If the moving paper tape is treated with awater 
soluble dye powder, the spread of the water onthe 
paper will leave a continuous stain of varying width 
being wide for high liquid-water collection and nar- 
row for low liquid-water collection. 


This was tried with several grades of paperas 
well as with different methods of creasing. Some 
of them worked inthe manner we had hoped, but not 
too well. It was then thought that cloth might provide 
better capillarity for the spreading of the water 
stain. When a piece of cotton cloth was tried, im- 
mediate improvement was noted in results. This 
finally led tothe use of Fiberglas Tape (glass cloth) 
and upto the present, this produces the best results. 


The glass cloth tape comes in 50 yard rolls, 1 
inch wide and ,003 inch or .005 inch thick. The 
.003 inch grade seems to work best since it has a 
little finer structure due to thesmaller diameter of 
fiber used in weaving the cloth. We have foundthat 
methylene blue dye powder worked into the cloth 
tape acts very wellin makingthe water deposit visi- 
ble since it provides good contrast between the 
stained and unstained portions of the glass tape. 


An apparatus was built to apply the dye powder 
tothetape. It is shownin Fig. 1 andconsists merely 
of two pulleys, one for holding a fresh roll of un- 
treated tape, and the other, a motor drivenpulley, 
onto which this tape is wound, Between the two 
pulleys, the tape is made to drag across a piece of 
black felt cloth which is heavily impregnated with 
methylene blue powder. In this way, the blue dye is 
picked up on the tape. A polished pressure plate is 
used to keep the tape in frictional contact withthe 
impregnated felt, The difficulty with this arrange- 
ment is that the dye is too quickly used up requir- 
ing that the felt be replenished frequently. However, 
this method works well enough for the present. A 
more efficient system can be devised later, Ithas 
been found desirable to treat the tape until it is 
darkened somewhat by the blue powder. This gives 
better contrast than if too little powder 1s applied, 
If there is danger that the tape may be greasyor 
dirty,it may be cleaned by running itthrough a bath 
of ethylene dichloride previous to the dye treatment. 


Figs. 2 and 3 show an experimenta: model of an 
instrument using the glass cloth tape as a means of 
recording minute variations in liquid-water content, 
In Fig. 2,point A indicates the opening in the lower 
end of the capillary tube, At this particular time, 
it was thought there might be some advantage in 
making the orifice of the capillary tube flush with 
the rounded surface of a rider bar so that the tape 
could be kept pulled smoothly and tightly against it. 
When the cover is on, poirt A is in contact withthe 
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Fig. 3 


tape at point B. Under the tape, at the latter point, 
is a narrow rubber washer mounted ona roller. Its 
function is to keep the tape pressed against the small 
opening at point A effecting a better capillary action 
between the tape and the orifice at A. 


The 115-volt a-c motor shown is geared to nor- 
mally runthe tape at aspeed of 4 1/2 inch per min- 
ute.. This speed holds only when the tape has first 
started onthe take-up pulley. As thetape winds up, 
the effective diameter of the pulley increases, and 
consequently, the tape speed also continues toin- 
crease, 


The speed of the tape at any given portion of the 
recordcan be determined by subsequently operating 
the take-up reelas it was wound up intest- marking 
time intervals on the tape as it passes a specific 
location. 


Fig. 3showsthe instrument readyfor atest, The 
two ‘‘fingers’’ sticking up by the porous collector 
head àre merely to prevent it from twisting around 
in a strong blast of wind. The collector and the at- 
tached vertical capillary tube are free to move up 
and down inside a slightly larger tube whichserves 
as a more substantial support. The porous collec- 


FIG. 4 VARIATIONS IN WIDTH OF CLOUD METER TAPE RECORD 
FOR VARIOUS VALUES OF LIQUID WATER CONTENT 
AT DIFFERENT TAPE SPEEDS WIND SPEED = 21.9 MPS. 
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tor is of the same dimension usedin the previously 
mentioned counting recorder and has an exposed 
collection area of .159 cm?. 


The instrument was tested in a smallwindtunnel 
in the laboratory and while great accuracy is not 
claimed, results obtained are believed to indicate 
that this particular type of recorder willshow more 
clearly variations in liquid-water content, especially 
over short time intervals. The velocity of the air 
in the tunnelis provided by means of a 90 Ib per 
square inch air jet. Moisture is provided by intro- 
ducing a fine water spray into this air stream. 


The values of Ly obtained with the recorder are 
based on comparisons with the amount of Lẹ col- 
lected simultaneously on a small porous cylinder. 
The cylinder is made of ‘‘alumina’’ and has a di- 
ameter of .198 cm. *The cylinder was held in the 
moist air stream inthe tunneladjacent tothe porous 
plug collector so that both were exposed for the 
same period of time, The test section of the tunnel 
in which the two collectors were held was not en- 


closed; therefore,some Lw content of the air stream 
was lost through evaporation into the warm air of 
the room. However, the relative values obtained 
are thought to be reasonably accurate. 'The only 
difficulty inthe test arrangement is the impossibility 
of obtaining higher L4, values, especially at high 
wind velocities. 


Data obtained from several test runs are shown 
in Table I. In determining the liquid water content 
of the cloud produced in the wind tunnel using the 
small poron *alumina" collector, the formula 
Emly = ote was used, Here Wo = weight 
of the collector in grams before exposure; W4 = 
weight of collector in grams after exposure; Vi - 
air velocity in meters/sec; S - length of the col- 
lector; t = length of time the collector was exposed 
to the air stream;and (Day) = the average diameter 
of the collector. Em, the efficiency of the collector 
was takenas 100 per cent for preliminary consider - 
ation, but actually, it is close to 91 per cent under 
conditions of the test tunnel. 


*See Demountable Rotating Multicylinders for Measuring Liquid Water Content and Particle Size of Clouds 
in Above and Below Freezing Temperatures, V. J. Schaefer, Contract No. W-33-038-AC-9151, October, 1945. 
Also, Final Report on Icing Research, V. J. Schaefer, Contract No. W-33-038-AC-9151, August, 1946. 


The following values remained constant through- 
out the tests: Vi, = 21,9 mps,t = 60 sec, and Day= 
.198 cm. 


The curves in Fig. 4 are a plot of the data given 
in Table I. 


The instrument, as set up, did not have a variable 
speed motor, but by varying the voltage witha 
Variac, some adjustment of speed was obtained. The 
tape speed for different Variac settings was deter- 
mined by actually measuring the distance the tape 
travelledduring a minute. In making acomparative 
run, the recordertape was started anew on the take 
up pulleyfor each test. This was to avoid the diffi- 
culty of speed change due to the increasing diameter 
of the pulley. Tape speed was varied from 2 1/4 
inch per minute to 4 1/2 inch per minute, 


It appears that the speed of 4 1/2 inch per minute 
gives about the right variations in width of trace 
for a wind speed of approximately 22 mps. For 
higher winds faster speeds will be desirable, espe- 
cially with high Ly contents. The values of en- 
cured in the tests ranged from .16 g/m? to 
19 g/m3 m", These values were represented by trace 
widths of 1.5 to 6,5 millimeters at a tape speed of 
4 1/2 inch per minute. For a given Ly value, the 
width of the trace will increase as the tape speed 
is decreased and vice versa. Therefore, the speed 
of the tape must be kept constant or ata known rate 
in order to get accurate L4, values. Samples of 
typical traces are shown in Fig. 5. 


Preliminary tests of this recorder look promis- 
ing. As soon as, it is possible to make runs from 
an airplane in clouds where temperatures are above 


TABLE I 


ALUMINA CYLINDER 


TAPE RECORD 


Tunnel 


S yis. Width of Trace | Tape Speed 
(em) (gms) e | Me (in. /min) EE icing 


4,5 .5 - 6.0 
4.5 .9 - 5.0 
4.5 .0 - 3.0 
4.5 0 - 5,5 
4.5 0 - 4.5 
4.5 5 - 2.0 
4.5 0 - 7.0 
4,5 0 - 

3.5 5 - 4.0 
3.5 0 - 3,5 
3.0 5 - 2.0 
3.0 0- 
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freezing, the practical value of the instrument can 
be determined. The values of Ly, indicated by the 
curves in Fig. 4 are not presumed to be absolute, 
but rather can be used to show the relative changes 
in Lọ during a given period. The efficiency of the 
porous collector and the sizes of droplets encoun- 
tered were not considered. Both would have con- 
siderable effect on the absolute Lw values. The 
tests were all made at one velocity, 21.9 mps be- 
cause of the difficulities with evaporation at higher 
velocities. As soon as the wind tunnel can be set 
up to give higher values of Ly at high wind ve- 
locities, a great deal more necessary informa- 
tion can be obtained in the range of velocities en- 
countered in an airplane, 


After the above tests were made, it was decided 
that another recorder should be built which would 
be self-powered using a spring driven motor. With 
no dependency on electrical power source, such an 
instrument could be used for tests on the slopes of 
Mt. Washington or other locations where power is 
not convenientJy available. 


Consequently, an old spring-driven phonograpn 
motor was found and a recorder built around it as 
showninFig. 6. Certain changes and additions were 
incorporated in this model, 
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FIG. 5 


SAMPLES OF 
TAPE RECORD 
OBTAINED WITH 
THE NEW PLANE 
MODEL CLOUD 
METER. 


It was felt that some method of marking the tape 
speed would be necessary so an alarm clock mech- 
anism was arranged to mark the tape at one minute 
intervals. To do this a cam was put on the shaft in 
place cf the minute hand in such a way that it al- 
lowed a small hammer to fall on top ot the tape at 
each revolution ofthe cam. An inked pad was placed 
directly under the tape, and each minute as the 
hammer falls, it presses the tape against the inked 
pad thus making a small ink mark. The speed can 
then be determined by measuring the distance be- 
tween marks. The clock, hammer, and inked pad 
can be seen to the right of the left-hand pully in 
Fig. 6. 


It has been found that the rider bar and the nar- 
row, rubber-roller arrangement shown at A andB, 
in Fig. 2, works better than merely rounding the 
end of the capillary tube and pressing the tape against 
it with a strip of spring bronze. This arrangement 
is shown pictorially in the center of Fig. 6. There 
is an arm with a vertical adjustment just to the left 
of the capillary tube which makes it possible to push 
the tape down and away from the end of the rider 
bar when the collector is not in a cloud, This pre- 
vents the tube from possible drainage and consequent 
loss of suction on the porous collector since capil- 
lary suction has a tendency to drain moisture from 
the collector tube. 


The collector is mounted as shown, pointed into 
the wind. The collector is protected from possible 
damage during transportation by two metal shields 
which slide up past it. 


The small horizontal cylinder shown in the upper 
right compartment of the recorder is usedto prime 
the capillary tube system. The cylinder is filled 
with water, and a length of small diameter rubber 
hose is connected from it to the bottom ofthe capil- 
lary tube. By holding the cylinder higher thanthe 
porous collector, water, in seeking its own level, 
will be forced into the capillary system and out 
throughthe collector. This‘‘ reverse flush’’ primes 
the system making it ready forexposure and, at the 
Same time, serves to flush away any dirt or other 
contaminating materials which may be picked up in 
flight through clouds, Care must be takenthat there 
are no air bubbles in the tubing since this destroys 
the suction necessary to draw in the water fromthe 
collecting surfaces. 


For installationin an airplane, it will, of course, 
be necessary to have the recorder inside and the 
porous collector outside (in the air stream). This 
requires that the collector and recorder be atsome 
distance from one another, As long as the vertical 
distance between the collector and the bottom end 
ofthe capillary tube is kept the same, the horizontal 


section of the capillary lead can be extended consid- 
erably without altering the amount of suction applied 
to the porous collector. 


The portable recorder shown in Fig. 6 has fittings 
in the capillary lead (just above the top of the box) 
so that it can be used in either of two ways. It can 
be used as shown, withthe porous collector mounted 
right on the top of the recorder or ahorizontal ex- 
tension of capillary tubing can be put in one of the 
fittings and the porous collector connected onto the 
outer end of it thus allowing remote recording of 
Lw such as would be required in an airplane. 


A new recorder is now being built which, it is 
hoped, has further improvements over the two 
models just described. The new model will have 
a choice of several constant tape speeds through 
the use of a synchronous motor. Constant speed 
is accomplished by allowing the tape to pass be- 
tween two rollers (like a wringer) which are driven 
by the synchronous motor, A take-up pulley keeps 
the tape wound up, but due to its friction drive, only 
enough tension is put on the tape to keep it taut. 
The speed of the tape is controlled by the speed of 
the rollers. The motor speed is varied by chang- 
ing gear ratios. 


A telechron motor is to be used for automatically 
marking the time each minute in an arrangement 


similar to that used inthe second model, In ad- 
dition, provision will be made for manually mark- 
ing the tape by means of a plunger arm extending 
up through the top of the box. The latter is for check 
purposes in case of operations on a power source 
that varies from 60 cycle alternating current. 


It is also planned that a solenoid will beinstalled 
to lower the moving tape from contact with the lower 
end of the collector tube which may be operated by 
the meteorological observer. This willalso actuate 
asignal light on the photo panel, Whenever the plane 
leaves a cloud, the tape will be depressed and when 
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the cloud is entered, it will again be engaged. Be- 
sides providing an indication of cloud contact, it 
will also tend to keep the cloud-meter collecting 
head fully primed sothat it should respond instantly 
to the liquid water content of the cloud. 


Much of the design of these new units is due to 
the efforts of Mr. W. K. Kearsley of the staff of the 
G. E. Research Laboratory. 


The new recorder should be ready for actual 
flight tests assoon as the seasonof above-freezing 
clouds arrives. 


SOME EXPERIMENTS ON THE FREEZING OF WATER 


by 


Robert S mith-Johannsen 
General Electric Research Laboratory 
Schenectady, New York 


Althoughthe supercooling of wateris recognized 
as a very common occurrence, numerous reports 
have recently been published about it, 


In our research we have found that the freezing 
of water without supercooling would be much more 
surprising, since we have so far beenunable to find 
anything that will cause freezing at 0°C, except in 
contact with ice; Normally, water will not freeze 
until it is cooled to about -209C., 


Lately, Raul claimed to have cooled water to 
-120C before it froze. He accomplished this by 
means of a “‘system of successive sterilization of 
the nuclei of solidification.’’ After the publication 
of this work, Bangham?, Fr , and Ubbelohde* 
attempted to explain this phenomenon and also to 
predict certain properties of water inthe low tem- 
perature range. Since then Cwilong? has tried to 
repeat Rau's experiment and has proven Rau's 
measurements to be invalid. 


Another reported case of the low temperature 
freezing of water is stated by Oltramare®, He re- 
ported that R. Pictet and L. Dufour had cooled 
water to -409C, but no paper by either Pictet or 
Dufour states this value. 


Martin’ cooled water to -269C by repeated dis- 
tillation in vacuo without ebullition. 


The above experiments were carried out on 
water in bulk. On the other hand, Vincent J. 
Schaefer® found that a supercooled water droplet 
cloud dispersed in air, in the absence of sublima- 
tion nuclei, spontaneously changes to an ice crystal 
cloud when any portion of the cloud is cooled to 
-38,99C or lower. A few ice crystals can be ob- 


1. Rau, W, Schrift. Deut, Akad, Luftfahrtforsch, 
8, (ii), 65, (1944), 


. Bangham, D. H. Nature, 157, 733, (1946). 

. Frank, F.C. Nature, 157, 267, (1946). 
Ubbelohde, A. F. Nature, 157, 625, (1946), 
Cwilong, B. M. Journalof Glaciology, 2, (1947). 


. Oltramare, G. Arch.Sci. Phys. et nat, Geneve, 
(3), 487-501, (1879). 


7. Martin, W. H. Trans. Roy. Soc. Canada, 111, 
(3), 7, 219-220, (1913). 


served at a slightly higher temperature, but the 
abovetemperature may be regardedas being criti- 
cal. 


Bernard Vonnegut? found a number of foreign 
particles, most notably silver iodide, which cause 
the transformation from a water droplet cloud to 
an ice crystal cloud at considerably higher tem- 
peratures, He obtained varying results, depending 
not only on the materialof which the particles were 
composed, but on their crystalline structure, size, 
etc. 


CwilonglÓ has also made measurements of the 
sublimation temperature in the atmosphere and 
claims a value of -41,20C for spontaneous ice crys- 
tal formation in pure air and about nine degrees 
warmer for impure air. 


In Cwilong's experiment in a Wilson Cloud 
Chamber, the minimum temperatures reached 
were calculated and not measured, Furthermore, 
the presence of ice crystals were shown by their 
seeding action on a sample of supercooled water. 
In Schaefer's experiment, the temperature was 
measured directly and held constant, and the ice 
crystals observed visually and samples obtained. 
The validity of his results seems beyond criticism, 
and his temperature of -39.89C should, therefore, 
be accepted as more exact, 


Cwilong's assumption that ions act as sublima- 
tion nuclei has not received support from our ex- 
periments, In a forthcoming paper, Schaefer will 
describe a number of foreign-particle sublimation 
nuclei and their relative effectiveness at various 
temperatures. 


8. a) The Production of Ice Crystals in a Cloud 
of Supercooled Water Droplets. V. J. 
Schaefer. Science, 104, pp, 457-459, (Nov, 
15, 1946). 


b) Second Quarterly Progress Report (Project 
CIRRUS) Contract No. W-36-039-SC -32427, 
p. 6, (Nov. 15, 1947). 


9, The Nucleation of Ice Formation by Silver 
Iodide. B. Vonnegut. Journal of Applied Phys- 
ics, 18, pp, 593-595, (July, 1947), 


10, Cwilong, B. M. Proc. Roy. Soc., No, 
Vol. 190, (1947). 
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A TWO POLAROIDS IN SAME PLANE 

B COPPER SAMPLE HOLDER 

C KODAPAK MEMBRANE 

D FLATTENED MERCURY DROPLET 

E COPPER STUD 

F COPPER COOLING BLOCK 

G LANGMUIR DIFFUSION PUMP HEATER 
H COPPER COLUMN IMMERSED IN COOLING BATH 
O SOURCE OF DIFFUSE LIGHT 

M OBSERVER 

Q WATER SAMPLE 


APPARATUS USED FOR FREEZING EXPERIMENTS WITH WATER 


I. Langmuirll has conceived of a mechanism 
for the spontaneous nucleation of a supercooled 
cloud, His explanation is based onthe existence 
of an air-water interface, According to the Lang- 
muir hypothesis, it should be possible, therefore, 
to cool water out of contact with the air below the 
critical temperature found bySchaefer and in con- 
tact with air down to this temperature. 


In an effort totest this hypothesis,the following 
freezing experiments were carried out which, al- 
though not yet complete, are significant. 


The water sample to be frozen was supported 
ona Kodapak membrane (acertaintype of cellulose 
acetate) stretched across a 3/4-inch hole in a 1/8- 
inch copper plate, Originally, it was planned to 
eliminate the air-water interface by laying another 
Kodapak film across the water surface, thereby 
completely enclosing it. The first experiments 
described below were done, however, without this 
cover, and the water sample was exposed to the 
air. The sample was then lowered onto a mercury 
covered copper stud about 1/4 inch in diameter and 
in thermal contact with a cooling system whose 
temperature could be accurately controlled, In 
this way, no air-solid interface, below 0°C,was 
in contact with the liquid. The presence of ice, 
clear or opaque, could be recognized by means of 
a polarized beam of light which passed through the 
sample, was reflected from the mercury surface, 
and reached the observer through another polarizer 
with its plane of polarization parallel to the first. 
The presence of ice caused birefringence which 
could be easily detected. 


11. Contained in a paper not yet published, 


Considerable work was done in devising tech- 
niques for satisfactorily cleaning the surfaces and 
purifying the water. It was found that loosely ad- 
hering dust on the fresh Kodapak surface could best 
be removed by simply rolling drops of distilled 
water across it, Examination under a microscope 
was used to make sure no dust or dirt remained, 
Various methods of purifying water were tried, 
among them distillation, condensation, diffusion 
through a formvar membrane, and pressure filter- 
ing. 


Many freezing runs have shown the crystalliza- 
tion temperature to be independent of the rate of 
cooling, the previous history, such as previous 
freezing, and the temperature to which water has 
been raised to between freezing cycles. 


Datafrom four sets of experiments give an aver- 
age crystallization temperature of -19.2°C with a 
maximum of -18.09C and a minimum of -209C, 


1. -19,0°, -18.09 
2. -19.5°, -20,59 
3, -20.09, -19.20 
4. -18.09, -20,0° 


These results show thatthe supercooling of water 
is not at all an unusual phenomenon. The normal 
temperature at which water freezes is, therefore, 
in the absence of any known foreign nucleating 
materials, very close to -209C, and not as is com- 
monly believed at 0°C. It might also be mentioned 
that considerable vibration was present during all 
of the above tests, and it had no observablenucleat- 
ing effect. Various means were employed to make 


sure that the exact temperature in the sample was 
known, and they indicated that the readings were 
reliable. One method was to check on the melting 
point of the ice when the temperature was rising, 
and another was to continuously bombard the sample 


- surface with ice nuclei streaming froma tiny piece 


of dry ice helddirectly above it, and observing when 
freezing took place. This method of preventing 
supercooling was suggested by Vincent J. Schaefer. 


A number of powdered materials were introduced 
tothe sample in an attempt to make the water freeze 
at 00C, Sofar, nothing has been found which can 
effect this, Some results follow:-- 


Recently LaMer and Yates at Columbia Univer- 
sityl2 conducted experiments on the precipitation 
of sulfur from dilute solutions of sodium thiosulfate 
and H C1. They found that ultra-sonic irradiation 
ofthe water of whichthe solutions were subsequently 
made caused a delay in detectable precipitation of 
approximately four times the normal. This tech- 
nique was tried in our experiments, and we found 
that irradiating a sample in a methyl methacrylate 
container, at one megacycle for thirty seconds, had 
a pronounced effect on the crystallization tempera- 
ture of the water. This water retainedthis property 
even after standing two months in a glass bottle. 


Material 9c Average 9C 
Aquadag - 7.2, - 6.8, - 6.8 - 6.9 
Silver Iodide - 8.0, - 9.5, - 9.0, - 9.0 - 8.8 
Graphite *' 280" - 8.8, - 9.8, - 9.8, - 9.8 - 9.5 
Zinc Sulfide -11.0, -11.6, -12.2, -12.3 -11.5 
Zinc Oxide -13.0, -13.5 -13.3 
Iodoform -13.7, -13.7, -13.2 -13.5 
Lead Sulfide -11.8, -12,3, -14,3 

-13.8, -15.3, -13.9 -13.9 
Sulfur -15.0, -14,8, -15.6 -15.1 
Zinc Oxide (dri-Filmed) "18.0, -17.0, -16.5 -17.1 
Pepsin (surface) -20.3, -16.5, -17.0 -17.9 
AgI ppt. from acetone -18.0 -18.0 


There is one interesting conclusionto be drawn 
from the above observations. Graphite has been 
tried in many ways as asublimation nuclei for ice, 
and is found to be practically without effect, How- 
ever, as a freezing nucleus (in water), it seems to 
be even more efficient than silver iodide. This 
means that we must distinguish between‘‘sublima- 
tion" nuclei and ‘‘freezing’’ nuclei and recognize 
that the mechanism of nucleation in each case is 
different. 


The possibility immediately suggests itself that 
very often crystallization in bulk water may be 
started by a chance contact with a ‘‘sublimation’’ 
nuclei, rather than by a‘‘freezing’’ nuclei already 
contained in the liquid, It also suggests the pos-' 
sibility of cooling water considerably below 09C 
and keeping it there indefinitely whencare is taken 
to eliminate the introduction of sublimation nuclei 
as wellas freezing nuclei. Having pure water is 
not enough. 


12. Influence of Ultra-sonic Radiation upon the 


Phase Transition in the formation of colloidal 
Sulfur. V. K. LaMer and J. W. Yates, Columbia 
University. Paper presented at NationalAcad- 
emy of Sciences, Nov. 18, 1947, 


Five measurements of crystallization tempera- 
ture were made on this water, each measurement 
being made on a new surface using a new sample 
of water. 


1. -38.59C 
2. -28,70C 
3. -28.59C 
4, -30.09C 
5. -29.09C 


All these measurements were made with the 
water sample in contact with air, and in each test, 
the temperature was checked by noting the melting 
point with rising temperature, 


It was found that freezing took place in two dif- 
ferent ways at low temperature. Often the water 
seemed to freeze with great rapidity from many 
locations to form an opaque, milky ice easily rec- 
ognized by the naked eye. However, the freezing 
sometimes took place in an altogether different 
manner, and could only be observed through po- 
laroids. In these cases, single, beautifully colored 
crystals could be seen to grow slowly out from 
widely separated nuclei. Sometimes only one cry- 
stal developed in a whole water sample. 


SMOKE FROM SMELTING OPERATIONS AS A 
POSSIBLE SOURCE OF SILVER IODIDE NUCLEI 


by 


Raymond E. Falconer and Bernard Vonnegut 


The fact that large numbers of nuclei for snow 
formation can be formed from small amounts of 
silver iodide(!) has suggested the possibility that 
large numbers of silver iodide nuclei may inad- 
vertently be introduced into the atmosphere in the 
course of chemical operations involving silver or 
silver iodide, 


The release of large numbers of silver iodide 
particles might be expected to havean effect on the 
weather by increasing precipitation from super- 
cooled clouds. 


The most likely sources of silver iodide nuclei 
are smelting operations carried out on ores contain- 
ing appreciable quantities of silver. The best and 
most direct method of finding the number of nuclei 
produced by smelting operations is to make meas- 
urements on the nuclei content of these smokes 
where they are produced. However, this has not yet 
been feasible. Therefore, investigations have been 
limited to determine if meteorologicalrecords show 
evidence of effects that might be attributed to such 
nuclei and if it is reasonable to suppose that suf- 
ficient nuclei are producedto influence the weather. 


Through the co-operation of Mr. C. Dodge of the 
Phelps Dodge Corporation in New York City, ar- 
rangements were made for a conference with Mr. 
W. H. Osborn, director of their research laboratory. 
At this conference, Mr. Osborn and members oí his 
group furnished a list of smelting plants in the 
United States and their location inorder that mete- 
orological data might be checked in their vicinity 
for possible evidence of increased precipitation. 
Mr. Osborn outlined the various operations of smelt- 
ing and the manner in which they were carried out 
and furnished data on typical smelting operations. 
The following information was obtained: 


1. The stack losses of silver in smelting oper- 
ations are small. These losses are determined by 
subtracting the sum of measured mechanical slag 
losses and silver yield from the silver content of 
the ore. In a typical report of operation, these 
losses varied from 0.33 per ceat to 1.14 per cent 
in a typical report. Because of inaccuracies in 
analysis, these losses can sometimes be reported 
as a gain. The estimated silver loss for this 


country on the basis of one half of one per cent 
Stack loss is of the order of a pound of silver per 
hour. 

2. In order to reduce stack losses, bag nouse 
filters and Cottrell precipitators are generally 
used which greatly reduce the number of solid 
particles lost from the stacks. Bag house filters 
have been in general use as far back as 1880, 


3. In order to insure the efficient operation of 
smoke filters, the stacks of asmelter are constantly 
watched for escaping smoke resulting from filter 
failure. No particular meteorological phenomena 
associated with these flue gases have been noticed, 
although phenomena of the sort that might be ex- 
pected from nuclei might pass unnoticed by an un- 
trained observer. 


4. Iodine is not known to be present in the ores 
commonly smelted. That the occurrence ofiodine in 
the mining region of Utah and Colorado is probably 
small is indicated by state measures which have 
been taken to supply iodine in salt to remedy a 
dietary deficiency of this element. 


5. The flue gases resulting from smelting oper- 
ations frequently contain as much as several per 
cent of sulphur dioxide. 


If the silver lost in smelting operations were 
efficiently dispersed as particles of silver iodide, 
enough nuclei might be released to seed as much 
as ten to one hundred thousand cubic miles of atmos- 
phere per hour with one particle per cubic inch. 


For efficient production of nuclei, several con- 
ditions would have to be met. The particles of silver 
iodide would have to be of the order of 0.01 to 
0.10 microns in diameter. Sufficient iodine would 
have to be available to form silver iodide with the 
silver. Itseems unlikely onthe basis of the evidence 
thus far that either of these conditions are met. In 
addition, sulphur dioxide and other impurities are 
present in such large amounts that it is possible 
no nuclei could form. 


On the basis of the information available at 
present, itseems very doubtful that sufficient nuclei 
are released by smelters to have an appreciable 
effect on the weather. 


(1) First Quarterly Report Meteorological Research. July, 1947. 
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Meteorological records have been checked for 
possible evidence of the effects of silver iodide 
nuclei near smelters. 


The state of Utah, particularly that section north 
and east of Great Salt Lake, has a large number of 
lead, copper, and silver smelters in operation so 
it was decided to investigate the precipitation record 
for the state and compare the annual precipitation 
amounts with the yearly output from the smelters, 
If there were any effects of silver iodide on the 
amountof precipitation, it shouldbecome evident by 
this comparison and would be indicated by above 
normal amounts of rain or snow during years of 
high smelter production and vice versa, In other 
words, the precipitation curves would follow the 
smelter output curves fairly well. 


The map of Utah’s annual precipitation distribu- 
tion shows two areas of maximum rain and snow 
fall in two directions extending from the vicinity 
of the smelters — one areatothe north and the other 
to the east. Each area is about 150 miles long and 
about 20 - 30 miles wide, The annual precipitation 
there is 20 inches or more. There are several 
smaller areas of similar amount scattered in a line 
across the state from NE to SW. 


One might think at first glance that the presence 
of silver iodide in the atmosphere could account 
for the two heavy precipitation areas being just to 
leeward of the smelters. However, these areas 
also extend along the ridges of the mountains where 
greater precipitation normally occurs. 


The curve of annual production of silver(2) in 
the United States (see Fig. 1) shows a steady output 
level from 1896 to 1908. There was thenan increase 
in production up to a peak in 1916 followed by a 
decline to 1921, There was a sharp increase in 
1922-23 and then another decline with a minimum 
in 1932 (the depression years). Another increase 
in production occurred from 1932-37 followed by 
a small declinein 1939 and then, in 1940, production 
was on the way up again. 


The curve of copper production(3) Shows a more 
or less steady increase from 1896 to 1914 witha 


sharp increase during the early World War I years, 
1914-16, From 1916 to 1941, the curve follows 
closely that of silver production during the same 
period. 


In Fig. 2 are plotted curves of annual departure 
from normal precipitation for the state of Utah ana 
for all of the United States west of (and including) 
the Rocky Mountains.(4) Data is for the period 
1896-1940. It will be seenthat precipitation for the 
state of Utah closely follows that for the whole 
western third of the country. 


The curve for the latter section shows a de- 
ficiency in precipitation from 1897 to 1904, Be- 
ginning in 1904, the tendency was toward above nor- 
mal conditions up to 1916, followed by a very dry 
period from 1928 to 1935. The wettest year was 
1906 while the driest was in 1924, 


A study of Figures 1and2 showsthat the copper 
and silver production curves do not particularly 
follow the annual precipitation curve for the western 
U. S. and since the precipitation curve for Utah 
follows that of the western U.S., it seems reasonable 
to conclude that there is no definite relation between 
the amount of precipitation in areas of smelter op- 
eration and the output from these smelters. 


Complete data (1896-1940) was not found for 
precipitation at any individual station in the heavy 
precipitation areas east and north of Salt Lake City 
so that a more local comparison between smelter 
output and precipitation could not be made. How- 
ever,the curve of annual departure from normal 
precipitation for Salt Lake City has been found to 
closely follow the curves in Fig. 1 and probably is 
representative of other localities near the smelter 
operations, 


It seems safe to say then that there is no ap- 
parent large scale effect of smelter operation on 
the amount of precipitation. This is probably due 
to the precaution taken to filter the smokes during 
the smelting process. If any silverorsilver iodide 
crystals do escape into the atmosphere, their effect 
on precipitation is probably negligible and not 
enough to be evident in meteorological records. 


(2) a, Summarized Data of Silver Production, U, S. Department of Commerce, Bureau of Mines, 


Economic Paper 8, 


b. Year Book of the American Bureau of Metal Statistics. 1941. 


(3) summarized Data of Copper Production. U. S. Department of Commerce, Bureau of Mines, 


Economic Paper 1. 


(4) Climate and Man. U. S. Department of Agriculture, 1941. 
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PRODUCTION OF ICE CRYSTALS BY THE ADIABATIC EXPANSION OF GAS 


In experiments ona supercooled cloud produced 
in a home freezer, V. J. Schaefer (1) showed that 
at temperatures of -38.9°C or lower water vapor 
spontaneously forms ice crystals in very large 
numbers, By the adiabatic expansion of air ina 
Wilson Cloud Chamber, B. M. Cwilong (2) found 
similarly that ice crystals were produced at tem- 
peratures below -359C. Simple and interesting ex- 
periments can be performed by a combination of 
these two techniques, 


A child’s pop gun fired into a supercooled cloud 
in a cold chamber produces very large numbers of 
ice crystals. The adiabatic expansion of the air 
as it is released from the gun reduces its temper- 
ature to below -38.9°C withthe consequent produc- 
tion of large numbers of ice crystals. If the cork 
is not put into the gun tightly enough, the tempera- 
tures producedare above?8.9°C andno ice crystals 
result. 


In order to rule out the possibility that the loud 
noise from the pop gun might have caused nucleation, 
a mixture of potassium chlorate and sulfur was 
exploded in the supercooled cloud. Although the 
report was far louder than the pop gun, no ice 
crystals were observed. 


A bottle of carbonated beverage having sufficient 
pressure produces large numbers of ice crystals 
when it is suddenly opened in a supercooledcloud. 
Bottles of carbonated drinks kept in the freezing 
compartment of a household refrigerator often be- 
come supercooled. Frequently, these bottles do 
not freeze untilthe cap is removed. If such a bottle 
is watchedasthe capis removed, many ice crystals 
can be seen toform at the surface of the liquid and 
spread throughout the bottle, A miniature snow 


storm produced in the gas in the neck of the bottle 
Starts the crystallization of the contents. It has 
been observed thata bottle of supercooledbeverage 
can be caused to freeze by tapping the surface of 
the container. Such a tap undoubtedly causes adia- 
batic compression and expansion of any minute 
bubbles in the liquid which could momentarily re- 
duce their temperature to below -38.99C, thus 
starting the formation of ice crystals. 


The vapor trails which sometimes stream off 
the propeller tips and wings of airplanes flying at 
low temperatures probably are similar tothe fore- 
going phenomena. As the propeller or wing passes 
through the air, it causes adiabatic expansion of 
the air in certain regions. If the temperature of 
the atmosphere is sufficiently low, this expansion 
willmomentarily reduce thetemperature to a value 
at which ice crystals form spontaneously. If the 
atmosphere is supersaturated with respect to ice, 
these ice crystals will grow into a visible vapor 
trail. 


The surprisingly large number of ice crystals 
produced by the rapid expansion of even a small 
quantity of air can be shown by bursting a small 
rubber balloon in a supercooled cloud. 4A balloon 
about 1.5 mm in diameter when burst ina super- 
cooled cloud at -20°C produces at least 3by107 
snow crystals or about 1.6by1010 crystals per cc 
of expanded air. 


Experiments under carefully controlled con- 
ditions are being conducted in this laboratory by 
V. J. Schaefer to determine quantitative relation- 
shipsbetweenthe number of crystals produced and 
the temperature, pressure, volume, and humidity 
of the expanded air. 


1. a) V. J. Schaefer. The Production of Ice Crystals in a Cloud of Supercooled Water Droplets. SCIENCE, 


104, 457-459, (1946). 


b) V. J. Schaefer. The Production of Clouds Containing Supercooled Water Droplets or Ice Crystals 
under Laboratory Conditions. BULLETIN OF AMERICAN METEOROLIGICAL SOCIETY, 29,No. 4, 


175-182, (April, 1948). 
2. B. M. Cwilong, NATURE, 155, 361-362, (1945). 


NUCLEATION OF SUPERCOOLED WATER CLOUDS BY SILVER IODIDE SMOKES 


A. INTRODUCTION 


About a year and a half ago, it was found that 
silver iodide smokes had the property of causing 
snowflakes to form in a supercooled cloud.(1) 1t is 
believed that silver iodide particles are good nuclei 
for ice formation because ofthe close resemblance 
oftheir crystal structure to that of ice. Experi- 
mentation has been underway to learn more about 
the production and behavior of these smokes. The 
work to be described in this account should be re- 
garded as preliminary. The techniques and appa- 
ratus used in the work frequently leave muchto be 
desired in the way of precision. The results are 
tentative and await confirmation by betterexperi- 
ments. This work, despite the uncertainties in it, 
nevertheless sheds light on the mechanism of nu- 
cleationand suggests new experiments and improved 
techniques for giving a more complete picture of the 
phenomena associated with nucleation by silver 
iodide. 


B. APPARATUS AND TECHNIQUES FOR 
MEASUREMENTS ON SMOKES 


1. Wind Tunnel 


In order to determine the output of a source of 
silver iodide smoke, it is necessary to secure a 
sample of smoke for testing that is aknown frac- 
tion of the total output. This was accomplished by 
diluting the output of the smoke generator with a 
large known flow of air, and taking a known volume of 
this dilute smoke for testing. The smoke generator 
was placed in front of a quarter horsepower electric 
fan, three feet in diameter, which sucked the smoke 


along with a large volume of air into a crude wind 
tunnel four feet square in cross section and twenty- 
four feetlong. The stirring action of the fan andthe 
turbulence in the tunnel mixed the smoke with the 
air to produce a more dilute smoke which was dis- 
cnargedatthe other endofthe tunnel where samples 
were taken. When a heavy white oil smoke was in- 
troduced intothe tunnel, it appeared tobe quite uni- 
formly mixed and diluted as it left the tunnel. The 
rate of flow inthe tunnel, as determined by measur- 
ing the velocity with a vane-type anemometer, was 
4by108 cm?/sec. 


Of the silver iodide smokes used, all except the 
ones having the largest particle size were com- 
pletely invisible underthe conditions ofthe experi- 
ment. The smokes having the largest particles were 
quite transparent and of a pale blue or purple ap- 
pearance in the sunlight. 


2. Smoke Sampling and Diluting Syringe 


In many of the cases, only a fraction of a cubic 
centimeter of the smoke from the tunnel is needed 
for atest. Precipitation on the walls of a contain- 


' er of this size would be very rapid. Therefore, a 


syringe was constructed for taking a sample of the 
smoke and diluting it quantitatively to any desired 
amount. The syringe, (Fig. 1), consists of a metal 
tube three inches in diameter with a piston and 
leather washers which can bé moved back and forth 
afixed distance. A sample of smoke wastaken with 
the syringe and then diluted to the desired concen- 
trationby moving the piston inand out the requisite 
number of times in smoke-free air, up-wind from 
the tunnel, 


ADJUSTABLE 


SMOKE SAMPLING AND DILUTING SYRINGE 
FIG. 1 
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3. Cold Chamber 


The early measurements onthe number of nuclei 
containedin silver iodide smokes were made using 
Schaefer’s technique. (2) A measured volume of 
smoke was introducedinto a supercooled cloudin a 
home freezer, and the number of snow crystals pro- 
duced per cubic centimeter was visually estimated. 


This technique has been slightly modified in the 
more recent work and the apparatus used is shown 
in Fig. 2. The tests were carried out ina brass 
cylinder 15 inches high and 12 inches in diameter 
having walls 1/2-inch thick to provide good thermal 
conductivity. 


The chamber, which was closed at the bottom, was 
maintained at alow temperature by placing itin afour 
cubic foot hame freezer. The freezer thermostat was 
used to regulate the temperatures. A supercooled 
cloud was maintainedinthe refrigerated cylinder by 
evaporating water from wet paper toweling wound 
around a 15-watt electric heater placed inthe lower 
part of the cylinder. A hinged masonite lid wasused 
to close the top of the cylinder during tests. The 
temperature at the top of the cylinder was found to 
be about 2°C warmer than at the bottom. The mini- 
mum temperature obtainable in the chamber was 
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-200C, In future experiments, it is highly desirable 
that lower temperatures be obtainable and that pro- 
visions be made for better temperature regulation. 


Smokes were tested by introducing them from the 
sampling syringe into the supercooled cloud in the 
cylinder. A stack of cold microscope slides was 
placed in the bottom of the cylinder, The snowflakes, 
produced by the action of the smoke, settled on the 
bottom ofthe cylinder andon the topmost micro- 
scope slide. At intervals, two minutes apart, the 
slide on which the snow had fallen was removed, 
thus exposing the slide beneath. The slide which was 
removed was then examined under a microscope 
kept in the freezer. By means of a Whipple eye- 
piece, the number of flakes collected per square 
millimeter in a two-minute period was counted. 
When the rate of snowfall had dropped to a low value, 
the total number of flakes which had fallen per 
square millimeter was determined by adding the 
numbers which had fallen in each two-minute sam- 
ple. Thetotal number of snowcrystals which would 
have been produced by the entire output of the gen- 
erator could thenbe calculated from the area of the 
bottom of the cylinder, the volume and dilution of 
the smoke introduced, and the volume rate of pro- 
duction of the smoke, 
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APPARATUS FOR COUNTING NUCLEI IN SMOKE 
FIG. 2 


4, Electron Microscope Examination of Smoke 


Smokes being tested were examined with the 
electron microscope to determine their appearance 
and particle size. Samples of smoke were precipi- 
tated on a formvar film supported on a fine wire 
screen by moving it for abouta minute in and out of 
the smoke stream about three feet from the genera- 
tor. The smoke stream at this point is still quite 
warm. The sample screen, because it is in the 
smoke only a moment at a time, remains cool so 
thermal precipitation may play a partinthe collec- 
tion of the smoke. 


Under these conditions of precipitation, itisquite 
likely that particles ofa certain size maybe selec- 
tively precipitated, so that the sample obtained is 
not entirely representative of the smoke. A more 
reliable method would be desirable so that more 
trustworthy data can be obtained. à 


The smoke samples were photographed using the 
electron microscope. Determinations of the particle 
size and the number of particles percc of material 
were made from these photographs. 


5. Smoke Generator 


The smokes used in these tests were produced 
by a smoke generator constructedfrom a commer- 
cial compressed air atomizing nozzle of the sort 
used for paint spraying and humidifying (Binks 
No. 174). The generator is shown in Fig. 3. Com- 
pressed hydrogen gas at 20 pounds per square inch 
was applied instead of air tothe air inlet of the noz- 
zle and a solution of silver iodide was used as the 
liquid tobe sprayed. The hydrogen stream asit left 
the nozzle was ignited. The heat of the flame vapor- 
izedthe silver iodide inthe spray into a gas which, 
upon mixing with the atmosphere, condensed into a 


FLAME HOLDER 
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smoke of small silver iodide particles. In order to 
prevent the hydrogen flame from being blown out by 
the wind, a flame holder consisting of a piece of 
3/4-in. pipe two andone-half inches long was placed 
1/2 inch from the spray nozzle. At a pressure of 
20 pounds per square inch, the spray nozzle used 
about three cubic feet of hydrogen per minute 
(measured at atmospheric pressure), 


6. Silver Iodide Solutions 


Although silver iodide is very insoluble in water 
andorganic liquids, itis quite soluble in acetone or 
water solutions containing a soluble iodide such as 
sodium or ammonium iodide. The solutions usedin 
this work were made by dissolving 200 gms of AgI 
and 100gms of NH4I in a mixture of 750 cc of ace- 
tone and 250cc of water. A dilute solution was also 
used which was made by diluting the above solution 
totentimes its volume withacetone. Solutions can 
be dilutedany desired amount with acetone; however, 
dilution with water causes precipitation of the sil- 
ver iodide. Ammonium iodide was used inthe solu- 
tions for these experiments because it probably is 
completely decomposed inthe hydrogen flame, thus 
leaving a smoke of uncontaminated silver iodide. 


The rate at which silver iodide was fed into the 
smoke generator was varied by controlling the rate 
of flow of solution by adjusting the valve on the 
nozzle and by using solutions of different concen- 
trations. 


C. EXPERIMENTAL RESULTS 


1, Decrease in Rate of Snow Formation after 
Seeding 


There was found to be a large difference in the 
behavior of the supnercooledcloud when it was seeded 
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withthe lowtemperature air produced by a pop gun 
and when it was seeded with silver iodide smoke. 
From Fig. 4 it canbe seen that although many snow 
crystals were produced by the low temperature from 
the pop gun, all of these crystals nad precipitated 
to the bottom of the container at the end of ten 
minutes. When the cloud was seeded with silver 
iodide smoke, however, a measurable number of 
ice crystals were still precipitating at the end of 
almost an hour. The rate of snowfall decreases to 
one half each two or three minutes. This rate of 
decrease was not found to vary significantly with 
temperature or with the particle size of the smoke 
although, as it will be seen, the total number of 
snow crystals varied over several factors of ten, 
depending on the temperature of the supercooled 
cloud. 


2. Precipitation of Smoke in Syringe 


One possible source of error in these experi- 
ments is that which might be caused by coagulation 
and precipitation of the smoke inthe sampling syr- 
inge. Inorder to evaluate this rate of disappearance, 
tests were made in which small smoke samples 
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were withdrawn from the syringe after it had been 
inthe syringe for varying periodsof time, The num- 
ber of effective nuclei in a sample of smoke was 
found to decrease by one. half every twenty minutes. 
The time required to take, dilute, and discharge a 
sample intothe cold chamber was never more than 
a minute or two so that the changes in the smoke 
occurring during this time were not large. 


3. Number of Ice Crystals per Gram of Silver Iodide 


The results of experiments carried out with dif- 
ferent settings ofthe smoke generator and in super- 
cooled clouds at different temperatures is shown in 
Fig.5. In this graph,the results are also given for 
the electron microscope examination. The number 
of particles of silver iodide per gram of silver 
iodide was computed by measuring the approxi- 
mate mass of silver iodide on a given area of the 
sample and then counting the number of particles in 
the same area. The computation was based on the 
assumption that the density ofthe particles was the 
same as that of silver iodide crystals. Figure 6 
shows electron photomicrographs of a typical 
smoke, 
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D. DISCUSSION OF RESULTS 

The workthus far is not of sufficient scope to give 
straightforward answers to many questions which 
arise concerning the mechanism of silver iodide 
nucleation. It is the purpose of this discussion to 
venture some possible explanations forthe experi- 
mental observations. 


1. Formation of Ice Crystals 
Figure 4, which showsthe number of snow crys- 
tals precipitating per minute after seeding, illus- 


trates a significant difference betweenthe behavior 
of a cloud seeded with silver iodide andone seeded 
by a popgun. Seeding witha pop gun or dry ice pro- 
duces very large numbers of small ice crystals by 
cooling a small region of the cloudto a temperature 
at which spontaneous nucleation takes place. These 
ice crystalsthen mix with the cloud and grow at the 
expense ofthe supercooled water drops. From Fig. 
4, itcan be seenthat although a large number of ice 
crystals is produced by the pop gun, all of these 
crystals have precipitated out at the endof ten min- 
utes. Now if all of the silver iodide particles put 
into the cloud formed ice crystals at the time they 
were introduced, they, too, should have precipitated 
out at the endoften minutes. However, at the end of 
almost an hour, ice crystals are still precipitating. 
This leads one to the conclusion that all of the sil- 
ver iodide particles do not form ice crystals imme- 
diately and that even at the end of half an hour or 
more, appreciable numbers of silver iodide parti- 
cleshave not yet formed snow crystals ànd are still 
present in the cloud. 


There are various possible explanations for the -38.99C. However, inthe presence ofa silver iodide 
time required for silver iodide particlesto initiate surface, it is possible, because of the close simi- 
the formation of ice crystals ina supercooledcloud. larity between ice and silver iodide, that the prob- 
One possibility isthatin order for an ice crystal to ability of the chance formation of a nucleusis greatly 
form ona crystal of silver iodide, a certain critical increased and is large even at temperatures as high 
number of water molecules must by chance arrange as -109C. 


themselves on its surface in the structure of ice. 
According tothis explanation, a silver iodide parti- 
cle would not act as a nucleus until this event took 
place. The presence of a silver iodide surface might 
be regardedas merely greatly increasing the.prob- 
ability of the formation of ice. 


Another way of looking at the phenomenon is to 
consider the growth of an ice crystalasthe forma- 
ation of a crystal of ice on ice, We know that this 
takes place with the greatest ease. The formation 
of ice on a large surface of ice requiresthe forma- 
tion of very little new ice surface and hence there 
is little change in surface energy. For every new 
ice surface formed, an almost equal ice surface is 
covered up. However, when a new ice surface is 
formed in the absence of any other surface, large 
amounts of surface energy are required relative to 
the free energy decrease in the formationofthe in- 
terior of the new phase. Because ofthe close simi- 
larity of ice and silver iodide, the formation of ice 
on a silver iodide surface probably involves only a 
small amount of surface energy,and therefore, the 
the chances of this taking place are good. 


If we take a simplified view of the theory of nucle- 
ationas advanced by Gibbs, in supercooled water or 
in a region supersaturated with respect to ice, the 
water molecules by chance, from time to time, ar- 
range themselves in the lattice of crystalline ice. 
If these minute aggregations are smaller thana cer- 
tain size, their vapor pressure is greater than that 
of the supersaturated region and they are unstable 
and break up. If, on the other hand, they are larger 
than acertain size, their vapor pressure is suchthat 
they are stable and continue to grow, The lower the 


temperature, the smaller will be the critical size The lower the temperature, the smaller will be 
necessary for stability. Schaefer (3) has found, the critical size of a stable nucleus. Because the 
using clean air free of dust, that the rate at which critical size is small at low temperatures, the 
nuclei occur is very small at temperatures above chances of a nucleus forming are, in general, better. 
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FIG. 6 ELECTRON MICROGRAPH OF SMOKE PRODUCED AT 2.3 MG/SEC AGI CONSUMPTION 
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Hence, the rate of nucleus formation is generally 
greater at low temperatures. 


Another possible explanation for the time re- 
quired for silver iodide particles toform ice crys- 
tals can be based on the assumption that the silver 
iodide particles produced by the generator are not 
all in the hexagonal form which is similar to ice. 
Possibly they might exist in a metastable condition 
as a supercooled liquid or as some other modifi- 
cation. In this case, the rate at which they react 
to form ice crystals would be determined by the 
rate at which they transform into the stable hexa- 
gonalform. However, it appearsfor several reasons 
that this factor is probably not large in these ex- 
periments. It has been found that the silver iodide 
smokes used in these tests will nucleate silver 
iodide solutions supersaturated with respectto the 
hexagonal form and that the crystals which result 
are of the hexagonal variety. The number of such 
nuclei in a given volume of smoke is of the same 
order of magnitude asthe number of particles de- 
termined by the electron microscope, It,therefore, 
seems probable that at room temperature most of 
the smoke particles are of the hexagonal structure, 
In addition, one would expect, if the rate-determining 
factor involved the transformation of the silver 
iodide particles themselves, that smokes agedfor 
a period of time at low temperature would show a 
different rate of falling off of ice crystal formation 
when they are put in a supercooled cloud. Thishas 
not been observed, 


Another possibility is that the formation of an 
ice crystal under the influence of a silver iodide 
particle can take place only in the liquid phase, In 
this case, the rate of ice crystal formation might 
be limited by the rate at which silver iodide par- 
ticles entered into supercooled water drops. This 
couldoccur either by diffusion of the particle tothe 
drop or by condensation of a drop on a particle. It 
has been found that when a suspension of silver 
iodide particles in water is sprayed into a super- 
cooled cloud, ice crystals are formed, Itis, there- 
fore, probably that silver iodide particles can act 
as nucleating agents ina liquid water drop. However, 
it has not been definitely established that this is a 
necessary condition for silver iodide to act. If we 
assume this tobe the rate governing factor inthese 
experiments, we are faced with the problem of ex- 
plaining the large effect of temperature onthe total 
number of ice crystals produced. As will bedis- 
cussed later, the variation of the number of ice 
crystals produced with temperature can be explained 
on the basis that the rate of nucleation increases 
greatly withdecreasing temperatures. There is no 
reason to expect that the rate at which particles 
enter water drops is particularly temperature 
sensitive, Itis quite possible that the time required 
for a particle to enter a water drop is of consider- 
able importance in these experiments but it is 
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probably not the most important rate-governing 
factor. 


Tne interpretation of results is further compli- 
cated by the possibility that the small particles of 
silver iodide smoke may dissolve in water drops 
before they have a chance to start the formation of 
an ice crystal. At 259C the solubility of silver 
iodide in water is about 1by 10-8 mols/liter.(4) A 
water drop 10 microns in diameter on this basis 
should be capable of dissolving a silver iodide par- 
ticle about 100 & in diameter. The solubility should 
be somewhat greater for particles of this small size, 
However, the effect of particle size should be 
counteracted to some extent by a decreased solu- 
bility at the lower temperatures, If these factors 
are of importance, the kinetics of the nucleation 
may be dependent to a large extent on the rate of 
solution of the silver iodide particles in the water 
drops. 


The author is inclined to favor the explanation 
that the rate of ice crystal formation is governed 
primarily by the rate of spontaneous ice nucleus 
formation on the silver iodide particles. In some 
as yet unreported experiments on the nucleation of 
supercooled water and supercooled tin, the author 
measured at constant temperature the rate of so- 
lidification of systems composed of a number of 
independent supercooled drops. It was observed 
that the drops did not all freeze at once, but froze 
at a rate which steadily decreased with time. This 
rate of freezing greatly increased as the tempera- 
ture was lowered. In these experiments, foreign 
particles and surfaces were present which undoubt- 
edly served as foreign nuclei, The time required 
for these drops to freeze could be best explained 
onthe basis ofthe chance formation of stable nuclei 
on the foreign surfaces, It seems reasonable to 
believe that inthe case of nucleationby silver iodide 
that similar phenomena play a dominant role. 


If we proceed onthe assumption that silver iodide 
merely increases the rate of the chance formation 
of spontaneous ice crystals, it is possible to come 
to some conclusions as tothe magnitude of the rate 
and its dependence on temperature. The particles 
of silver iodide introduced into the cold chamber 
undoubtedly become lost as potential nuclei by pre- 
cipitation on the walis of the chamber. The rate of 
precipitation onthe walls is probably large because 
of thermal diffusion resulting from the 15-watt heater 
inthe vaporizer. One wouldexpectthe rate at which 
particles disappear by precipitation onthe walls to 
be proportionaltothe concentration ofthe particles. 
On the basis of this assumption, the concentration 
of particles would decrease exponentially with time. 
If the rate of snow formation is proportional to the 
concentration, this, too, should decrease expo- 
nentially withtime. Thisisexperimentally observed 
to be the case. 


On the basis of the foregoing assumptions, one 
can analyze the situation mathematically. 


If c is the number of silver iodide particles per 
unit volume at a time t then: 


dc 
ab - (K, + K,)c (1) 
where Ky isthe rate at whichthe silver iodide par- 
ticles form ice crystals and Kg isthe rate at which 
they are being removed from the cloud by precipi- 
tation or other causes, By integrating Eq. 1, we 
obtain an expression for the concentration c at any 
time: 

-(K, * Ky )t 


C= ee (2) 


where cogis the concentration at time t =O. If Nis 
the number of ice crystals formed per unit volume 
then, 


dN -(K, + K,)t 
= =K -e = Ky 1 2 (3) 


which when integrated gives for the number of 
crystals formed at time t: 
: Kit rice eK, + K,)t v" 


Or when precipitation is complete 


Ky 
N =-~. (5) 
K, + K, ie) 
or 
N a 
EL TD W^ (6) 
fo K; +K, 


The fact that the rate at which the rate of snowfall 
decreases with time is not greatly influenced by 
temperature, while the total number of crystals 
produced increases by a large factor with a small 
temperature decrease, indicates that at higher tem- 
peratures Kg is far greater than K4. Thisisanother 
way of saying that at higher temperatures the rate 
at whichthe silver iodide particles form snowflakes 
is so smallthatalarge majority of them precipitate 
on the container walls before they have a chance to 
form snow crystals. At -20°C the number of snow 
crystals obtained is about the same as the number 
of particles determined from the electron micro- 
Scope sothat itis reasonable to assume that at this 
temperature practically all of the smoke particles 
form snowflakes. 


If we assume that the rate at which precipitation 
decreases with time at the higher temperature is 


determined solely by Ko, then Kə computed from 
the curve in Fig. 4 is approximately 6by 10-3 per 
sec. From the data in Fig. 5, Nj and can be 
estimated and from them and the above value for 
K9, values for Ky for different smokes at different 
temperatures can be computed, 


These values expressed ashalf life in hoursare 


as follows: 
Range of Half Life 
Mg AgI/Sec Particle Diamete in Hours 
EAE T -139c -10°C 
1.5 30 - 700Å 5.5 178 
7.5 50 - 10704 19 75 
37.5 130 - 14008 1.4 67 


If this data is extrapolated on the assumption 
that the log of the nucleation changes linearly with 
the reciprocal of the absolute temperature, we find 
that at -59C the half life is several years while at 
-209C itis a few seconds and at -259C a few milli- 
seconds. 


Thislarge effect of temperature onthe nucleation 
rate is of the same order of magnitude as that ob- 
served in the measurements on supercooled water 
drops and on supercooled tin drops. 


The curves in Fig. 5 show a maximum for the 
number of nuclei produced per gram of silver iodide 
ata certain rate of silver iodide consumption. This 
is probably because at a low rate of consumption, 
the particles produced are so small that their re- 
action rate is small and many of them precipitate 
out before they have a chance to serve as nuclei, 
At high rates of consumption, the particles formed 
are larger andreact more rapidly, but because they 
are larger, fewer are formed per gram of silver 
iodide. 


2. Diffusion Coefficient of Smoke 


An average diffusion coefficient for the silver 
iodide smoke canbe calculatedfrom measurements 
made on the rate at which the smoke precipitates 
onthe walls ofacontainer. Inthe experiments which 
were made to find the rate at which the number of 
nuclei falls off as a function of the time the smoke 
is held in the sampling syringe, it was found that 
the half life of the smoke was about twenty minutes. 
This was for a smoke produced when the generator 
was consuming 20 mg/sec of AgI. 


Langmuir has derived the following expression 
for the rate of precipitation of a smoke of particle 
diameter A on the walls of a container having a 
volume V and an internal area A with slight con- 
vection caused by a slightly higher temperature at 
the bottom than the top. 


2/3 
dinc 0.64AD (7) 


dt V 


where c is the concentration of the smoke atany 
time t. 

Using this equation the diffusion coefficient is 
calculated to be approximately 6by 107°. 

Langmuir has also given the following expression 
forthe diffusion coefficient as a function of particle 
radius: 


-16 -11 
^ 2.04 x10 is 118x 10 (8) 


a 
where a is the particle radius. 


According to this expression, the diffusion co- 
efficient 6by10-9 correspondsto a particle diameter 
of 400'R. This is a reasonable agreement withthe 
measurements from the electron microscope which 
showthis smoke to have a particle diameter ranging 
from 1009 to 1400 with a median diameter of 
about 300 8. 


As has been shown Ko, or the rate of disappear- 
ance in the cold chamber of silver iodide particles 
from causes other than nucleation, is about 5.7by 
10-3 per second. 


Using the diffusion coefficient of 6by10-5 and 
Eq. (7), it can be calculated that the smoke con- 
centration should fall at a rate of 1.3by10~* per 
second, This is far less than the observed rate of 
decrease, Kg, which was found to be 5.7 by 10-3, 
This calculation, of course, does not take into ac- 
count the thermal diffusion caused by the vaporizer 
heater inthe coldchamber which would be expected 
to greatly increase the rate of precipitation on the 
walls, 


Using the diffusion coefficient it is possible to 
estimate the rate at which the concentration of the 
smoke decreases because of precipitation on the 
water drops of the supercooled cloud. The rate of 
change of concentration due to this cause is given 
by the relation 
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d inc 
x e -ATD r5 Q (9) 


where ro is the radius of the water drops and Q is 
the number of them per cubic centimeter. 


If we assume the liquid water content tobe 1gm 
percubic meter andthe drop radius tobe 5microns, 
the rate of change of concentration from this cause 
is 3.6by10-4. 


E. SUMMARY 


Measurements have been carried out on the nu- 
cleation of supercooled water clouds by silver iodide 
smokes. The smokes were produced by spraying a 
solution of silver iodide into a hydrogenflame. The 
particles of the smokes were found by electron 
microscope examination to range in diameter from 
308 to 1400. The number of ice crystals pro- 
duced per gram of silver iodide was determinedas 
a function of the temperature of the supercooled 
cloud and the rate of introduction of silver iodide 
into the flame. Yields of ice nuclei of as high as 
1016 per gram of silver iodide were obtained when 
the supercooled cloud was at -20°C. At -10°C, the 
same smoke produced only 1012.7 ice crystals per 
gram. 


It has been found that silver iodide particles do 
not react immediately to form ice crystals when 
they are put into a supercooled cloud. Ice crystals 
were found still tobe forming at a measurable rate 
fifty minutes after a silver iodide smoke was in- 
troduced into a supercooled cloud. It is believed 
that fewer ice crystals are produced at higher tem- 
peratures than at lower temperatures because the 
Silver iodide particles react more slowly to form 
ice crystals and most of them precipitate on the 
walls of the cold chamber before they have time to 
react. 


According to this interpretation of the results, 
the rate of reaction at -13°C isthirty or forty times 
that at -10°C. 


INFLUENCE OF BUTYL ALCOHOL ON SHAPE OF 
SNOW CRYSTALS FORMED IN THE LABORATORY 


Inthe course of laboratory measurements onthe 
number of ice-forming nuclei contained in various 
smokes, a microscope was set up in a refrigerated 
box for the purpose of counting snowflakes. A super- 
cooled cloud was formed in the refrigerated box 
at -20°C by the Schaefer technique (1), Smoke con- 
taining silver iodide nuclei was introduced into the 
cloud and the resulting snow crystals which formed 
were allowed to fall on a slide where they were 
examined under a microscope. The crystals thus 
produced were predominantly in the form of flat 
hexagonal plates. 


Without any intentional change in the experi- 
mental set up,it was noticed that the type of snow- 
flakes produced had changed from the hexagonal 
plates to hexagonal prisms having a length of the 
order of five times their diameter. It was found 
that hexagonal prisms were produced until the air 
inthe box had been cleaned out by displacing it with 
air from the compressed airline. When this was 
done, the flakes formed were once more hexagonal 
plates. The cause for this change in the shape of 
the crystals was finally traced tothe presence of a 
small amount of normal butyl alcohol vapor in the 
laboratory atmosphere whichhadresulted from ac- 
cidentally spilling some of this liquid. 


The modification of crystal shape caused by 
traces of butyl alcohol vapor was found to vary 


considerably with its concentration inthe air in the , 


cold chamber. When the partial pressure of the 
butyl alcohol was of the order of 10-8 atmosphere 
or less, no effect was noticeable. Ata partial pres- 
sure of the order of 10°” atmosphere, the long 
prisms were formed. At still higher partial pres- 
sures, the effect diminished and hexagonal plates 
formed once more, The effect of the butylalcohol 
vapor on the crystals was found to be similar 
whether the cloud was seeded by silver iodide smoke 
or by passing a piece of solidcarbon dioxide through 
it. 


The modification of habit produced in the pres- 
ence of butylalcoholis similar tothe changes which 


have been reported in the habit of crystals grown 
from solutions to which various substances have 
been added. For example, sodium chloride, which 
usually crystallizes as cubes from aqueous solution, 
forms octahedra ií urea is added to the solution. 
The suggested explanationfor this change of crystal 
habit is that absorption onthe crystalfaces changes 
their relative rates of growth thus modifying their 
Shape. 


It seems probable that butyl alcohol alters the 
Shape of the snow crystals in a similar manner. 
Apparently at very low concentrations ofthe vapor, 
the effect onthe rate of growth is smallon all faces. 
However, as the vapor concentration is increased, 
a point is reached at whichthe rate of growth of the 
sides of the prisms is greatly reduced relative to 
the rate of growth ofthe prisms ends. At higher 
vapor concentrations, apparently the absorption on 
the various faces becomes more equal so that the 
effect on the rate of growth of the faces becomes 
more nearly equal, and the effect on the shape of 
the crystal is not very large. 


Isobutyl alcohol and allyl alcohol have been found 
to have an effect similar to butyl alcohol, and it is 
presumed other higher alcohols would behave in a 
similar fashion. Ethyl alcohol did not show the ef- 
fect and, if anything, seemed to favor formation of 
hexagonal plates. 


V. J. Schaefer of this laboratory has extended 
the scope of these experiments and this work will 
soon appear in publication. 
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VARIATION WITH TEMPERATURE OF THE NUCLEATION RATE 
OF SUPERCOOLED LIQUID TIN AND WATER DROPS 


A. INTRODUCTION 


In investigations of the kinetics of the formation 
of anew phase, it is important tolearn at what rate 
nuclei, or centers of formation for the new phase, 
make their appearance. It is possibletoinvestigate 
the rate of nucleation by observing single masses 
of material during and after a phase transformation. 
However, in many cases it is difficult to separate 
the kinetics of nucleation from the kinetics of the 
growth of the new phase after nuclei have made 
their appearance. The nucleation of a substance 
can often be more easily studied by dividing it into 
a large number of small, mutually independent par- 
ticles and observing as afunction of time the num- 
ber of particles which have undergone transforma- 
tion. The time required for a particle to change 
from one phase to another once a nucleus has formed 
will, in general, be proportional to the first power 
of the particle radius. The chance that a nucleus 
will form will generally be proportional to the sec- 
ond or third power of its radius. Therefore, by 
making the particle sufficiently small, the time 
required for the occurrence of a nucleus can be 
made large in relation to the time required for the 
particle to transform oncea nucleus has appeared. 
It is advantageous to make nucleation measurements 
onsystems containing a sufficiently large number of 
particles to be easily treated statistically. 


Preliminary investigations have been made on 
the nucleation of supercooled tin and supercooled 
water. Observations were made at constant tem- 
peratures on the freezing rate of systems composed 
of large numbers of supercooled drops. 


B. EXPERIMENTAL METHODS AND RESULTS 
1. Nucleation of Supercooled Liquid Tin 


In the experiments on tin, the samples were 
prepared from a fine tin powder (obtained from 
Eimer and Amend) consisting of small spheres of 
tin ranging in diameter from approximately 1 to 10 
microns. (The fact that the particles were far from 
uniform in diameter complicated the interpretation 
of experimental results. In future work, it will be 
desirable to perform the experiments on samples 
containing drops as nearly identical as possible.) 


In the first experiments, the sample of tin powder 
was mixed with a bakelite varnish and spread as a 
film on a glass slide. The slide was mounted ina 
small electric furnace built to fiton a Philips x-ray 
diffraction apparatus. The apparatus was adjusted 
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to give a strong diffraction line of the crystalline 
tin. The sample was then heated above its melting 
point (231.899C) to 2400C. At the melting point, 
the diffraction line of the solid tin disappeared. 
Hydrogen gas was run through the furnace to pre- 
vent oxidation of the sample. After having been 
heated above the melting point, the sample was 
cooled and held at some temperature below its 
freezing point. The rate at which the supercooled 
particles crystallizedwas determinedby measuring 
the rate at which the diffraction line of solid tin 
reappeared. The results of a typical experiment 
are shown in Fig. 1. It was soon found that the rate 
of nucleus formation was greatly increased by a 
small decrease in temperature and that the tempera- 
ture control was not sufficiently sensitive to per- 
mit measurements with any accuracy. 


A difterent apparatus was then set up in which 
the rate at which the tin particles solidified could 
be measured by the rate at which their volume 
changed. When liquid tin crystallizes, its volume 
decreases by about five per cent. The tin powder 
was first heated in air for about half an hour at 
150°C to give it a thin coating of oxide to separate 
the particles. It was sealed into the bulb of a dila- 
tometer (see Fig. 2). The dilatometer was then 
pumped out and baked at a pressure of less than a 
micron to remove any gas. ''Octoil S" was then 
distilled into the dilatometer under vacuum. A 
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Fig. 1 Fraction of tin drops remaining unfrozen as function of time at 130°C from x-ray data. 
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measurement of the rate of nucleation was made by 
first heating the bulb to a temperature above the 
melting point of tin (2650C), and then placing it in a 
silicone oil, constant-temperature bath. The rate 
of nucleation was determined by observing the rate 
of volume decrease as measured by the motion of 
the “Octoil $” along a graduated capillary tube. A 
long capillary tube was used in the first experiments, 
but it was found that appreciable error was caused 
by the slow drainage of the liquid from the walls of 
the tube. This difficulty was minimized by using 
the oil reservoir shownin Fig. 2. During the melting 
of the sample, the tube was held at an angle so that 
the oil covered the end of the small fused quartz tube 
sealed into the pyrex capillary, (The small tube was 
made of fused quartz so that it would not melt while 
it was being sealed into the pyrex capillary). 
When the sample had been cooled to almost the de- 
sired temperature, the tube was tipped so that the 
excess liquid ran away fromthe end of the capillary 
tube, thus forming the meniscus in a convenient 
position. 


The results of the experiments are shown in 
Fig. 3. The time has been plotted on a log scale to 
condense the curves for runs made over a long time 
interval. If the chances of a nucleus occurring in 
each tin particle were exactly the same and were 
independent of the length of time it had been super- 
cooled, one would expect the rate of nucleation to 
decrease exponentially with time. The curves show 
clearly that in these experiments this is not the 
case. The fraction of the sample crystallizing per 
unit time steadily decreases with time. Some drops 
nucleate more readily than others, probably because 
they are either larger than the others or because 
they contain certain impurities which increase the 
probability of nucleus formation. The data obtained 
should be interpreted as the behavior of super- 
cooled tin with whatever impurities were present. 
It is probable that tin, free of impurities, if it could 
be obtained, might behave very differently. 


One of the most striking features of the data is 
the very great effect of temperature on the rate of 


nucleation. A decrease in temperature of seven 
degrees causes a sixtyfold increase in the nuclea- 
tion rate. In observations on the rate of nucleation 
of supercooled water clouds in the presence of silver 
iodide smoke, the author has observed a similar 
large negative temperature coefficient(1). For a 
given smoke, the rate of ice crystal formation was 
approximately thirty times greater at -130C than 
at -100C. 


An approximate value for the activation energy 
of the nucleation reaction can be computed from 
the data in Fig. 3. The log of the reciprocal of the 
time required for onethird of the sample to freeze 
was plotted against the reciprocal of the absolute 
temperature to give the curve in Fig. 4. This cor- 
responds to an activation energy of -2x105 calories. 
The data taken at 116.70C has not beenused because 
nucleation at that temperature proceeds so rapidly 
that most of the sample is frozen by the time its 
temperature has come to equilibrium with the con- 
stant temperature bath. 


2. Nucleation of Supercooled Water 


The author first attemptedto measure the nuclea- 
tion of supercooled water while conducting experi- 
ments at the De-icing Research Laboratory at M.I. T. 
Anemulsion of water drops suspended in lubricating 
oil was cooled to -290C with the expectation of 
measuring the nucleation rate by therate of volume 
increase. This method was not successful because 
the solubility of water in the oil was sufficiently 
large so that diffusion rapidly took place from the 
unfrozen to the frozen drops. 


Some preliminary studies on water have been 
made in this laboratory using a variation of the 
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Fig. 3 Fraction of tin drops remaining unfrocen as a uneiion of time [rom dilatometer data. 


1. Vonnegut, B. To be published in CHEMICAL REVIEWS. 
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method described above. In these experiments, 64 
drops of distilled water weighing approximately 
three milligrams eachwere placed ina square pat- 
tern on a polished chromium-plated metal plate. 


On the recommendation of Dr. V. J. Schaefer of 
this laboratory, the chromium surface of the metal 
plate was covered witha thin film of polystyrene by 
dipping it into a solution. This had been found by 
Schaefer to lower the temperature to which the 
water could be supercooled. The plate with the 
drops on its surface was then placed on a thermo- 
stated copper block at some temperature below 
freezing. To prevent impurities in the air from 
settling on the water drops, the plate was covered 
with a piece of plate glass which restedon a raised 
rimon the copper block. The heat transfer between 
the block and plate was sufficient tobring the drops 
on the plate to the temperature of the block in less 
than one minute. The number of unfrozen water 
drops was measured as a function of time by visual 
observation. Figure 5is a curve showing the nuclea- 
tion of the drops at various temperatures. 


Despite precautions tokeep the water drops free 
from impurities, it is certain that the drops were 
contaminated by foreign material from the atmos- 
phere and from the surface of the plate, which in- 
creased the rate of nucleation. Here again the data 
would probably be far different for completely pure 
water. The striking feature of the data is again 
the large negative temperature coefficient which 
characterized the results of the experiments on 
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Fig. 4 Nucleation rate of tin drops as a function of temperature. 
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Fig. 5 Fraction of water drops remaining unfrozen as a function ol time. 


supercooled tin and on a supercooled cloud seeded 
with silver iodide. 


The data for the freezing of water drops given 
in Fig. 5 can be interpreted in terms of the rate of 
nucleus formation per gram of water. Figure 6 
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Fig. 6 Nucleation rate of water drops as a function of temperature. 
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relates the rate of nucleus formation per gram to 
the reciprocal of the absolute temperatures. The 
rate of nucleation was calculated from the times 
required for the first 22 drops tofreeze at the vari- 
ous temperatures. The energy of activation com- 
putedfrom the slope of the curve in Fig. 6is -1.6x10 
cal. Itis interesting to extrapolate this data for 
comparison with observations made by Dr. V. J. 
Schaefer(2)(3) in his experiments on supercooled 
clouds. If it is assumed that the liquid water con- 
tent in the cloud in the cold box is of the order of 
1 gm/m3, at a temperature of -250C, according to 
this data ice crystals should be appearing at the 
rate of about 104 per second. Actually, with clean 
air at this temperature, no crystals are observed. 
It is not until the temperature falls below -39.0 
40.19C that many crystals begin to form. The rate 
of nucleation in the water drops on the metal plate 
is much larger than that in the water drops in a 
cloud, probably because of the nucleating effect of 
the surface of the plate and chance impurities. 


The sudden appearance of large numbers of ice 


crystals when the temperature is -399C or lower 
indicates that in Schaefer's experiments the increase 
in nucleationrate with decreasing temperature must 
be even greater than that found in this work. 


C. SUMMARY 


X-ray diffraction, dilatometric, and visual tech- 
niques are described for measuring the extent of 
crystallization of systems composed of many small 
mutually independent volumes of supercooled liquid. 
Preliminary measurements on supercooled liquid 
tin and supercooled water show their rate of nuclea- 
tion has avery large negative temperature co-effi- 
cient corresponding to an activation energy of the 
order of -2 x 109 calories. 
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OBSERVATIONS ON THE BEHAVIOR OF WATER DROPS 
AT TERMINAL VELOCITY IN AIR 


The contents of this report deal primarily with 
some observations andexperiments onthe behavior 
of water drops falling at terminal velocity through 
air. Information was obtained concerning the break- 
up of drops in non-turbulent and turbulent air 
streams. The mechanism of breakup under various 
conditions was observed. 


Over seventy stroboscopic photographs were 
taken of drops of various sizes. The photographs 
taken were not only of stable drops but also of drops 
in the process of breaking up. With the information 
obtained from the photographs and visual observa- 
tions, graphs were constructed which give a partial 
picture of what is happening during the fall of a 
water drop. 


It is hoped that the facts obtained may be used 
to help construct a clearer picture of the phenomena 
involved inthe fall of natural raininthe atmosphere. 


A. Experimental Setup 


Asaresult of the obvious difficulties which would 
be encountered in the attempt to study water drops 
falling at their terminal velocity through the atmos- 
phere, a laboratory wind tunnel was constructed. 
With such a setup, a vertical stream of air was set 
in motion at a velocity equal to that of the terminal 
velocity of the drops. In this manner, water drops 
placed in the air stream would have little relative 
motion with respect toan outside point. Ample time 
was thus obtained for the observation and the photo- 
graphing of the drops. 


The construction of the wind tunnel used in the 
work was quite different from that used by Lenard(1), 
A centrifugal blower driven by a half horsepower 
a-c induction motor was used to supply the neces- 
sary air stream. (Refer to Fig. 1.) A 90° elbow 
of 9-inch tubing was attached to the blower outlet 
to provide a vertically upward air flow. Attached 
to the elbow was an additional 2-foot section of 
tubing. A 6-inch square wooden box 15 inches long 
was placed above the 2-foot section of tubing. A 
plexiglass fence 2 inches high was added as an ex- 
tension to the box. 

The interior parts of this apparatus consisted of 
two brass plates 9 inches by 6 inches by 1/16 inch 


thick, four 9-inch lengths of adhesive tape, and three 
14 by 18 mesh screens. The brass plates were 


(1) Met. Z., 249, (1904). 
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placed inthe box, as shownin Fig. 1, at right angles 
to each other. At each 900 junction of one plate 
with the other, a strip of adhesive tape was used 
to round off the sharp corners. The use of this 
tape proved very necessary in successful suspension 
of water drops. A 14 by18 meshscreen was placed 
between the elbow and the straight section of the 
tunnel, between the box and tubing, and between the 
box and the fence. The latter screen was found to 
be much more effective if it was slightly concave 
upward. 


The apparatus was found tobe quite sensitive in 
severalrespects. If the tunnel was out of the verti- 
cal or thebrass plates not located exactly as shown 
in Fig.1,the drops would not remain suspended for 
more than a second or so. 


The brass plates, as modified by the tape, pro- 
vided the necessary drag which lowered the center 
velocity of the air stream as it emerged from the 
tunnel. This slight decrease in velocity in the cen- 
tral part of the stream, of the order of six per cent, 
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was vital in the successful operation of the wind 
tunnel. 


The placing of water drops withinthe air stream 
was accomplished with the use of a simple syringe 
easily constructed inthe laboratory. For obtaining 
large drops, that is, drops over 8 mm in diameter, 
a syringe witha bore diameter of 0.568 cm was used. 
With the aid of an attached millimeter scale, it was 
possible to obtain the volume of water injected into 
the air stream. As the diameter ofall drops in the 
air stream was based on volume considerations and 
not on apparent diameter, the diameter was easily 
and accurately obtained. All drops were injected 
into the air stream at the point where they would 
come to rest; thus it was possible to obtain drops 
of extremely large size. The equilibrium point for 
a majority of the drops was approximately 5 cm 
above the screen. 


This method of injecting the drops is different 
fromthatused by Lenard inthat here the water drop 
is formed at its point of rest while Lenard allowed 
the drop to fall into the stream from a stationary 
injector placed severalcentimeters above the final 
equilibrium point. 


The injection of drops below 7.5 mm in diameter 
was accomplished in the same manner with the ex- 
ception that a syringe of only 0.194 cm bore diam- 
eter was used. 


B. Size of Drops and Suspension Times 


The suspension time of all drops observed de- 
pended to anextent on the size of the drops. Drops 
over 8.5 mm diameter were limited in most cases 
to less than 8 seconds. Within the 8 seconds the 
drops would break up as a result of oscillations or 
would be accelerated out of the air stream. The 
acceleration was caused by the slight increase in 
the velocity of the central partof the air stream as 
it left the tunnel. 


With the smaller sized drops, the deformation 
is not as pronounced; thus, they will remain smoothly 
suspended for 15 seconds or more. Several drops 
around 7.5 mm in diameter and smaller were ob- 
served to remain in suspension for 30 seconds or 
better, while a few have been suspended for ap- 
proximately a minute. 


In the course of obtaining data over three hundred 
drops between 3.2 and 10.5 mm in diameter were 
observed in the air stream. 


C. Maximum Drop Diameter Before Breakup 


Water drops of small diameter will remain sus- 
pended inthe air stream without breakingup. How- 
ever, as the diameter is increased, a point is reached 
where a few of the drops injected will break up. 
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Breakup then occurs in increasing numbers as the 
drop size is increased until a point is reached where 
100 per cent of the drops are unstable. 


In the case of dropbreakupin a non-turbulent or 
laminar flow air stream, it is fortunate that breakup 
does not occur until the drop size is well in the 
region where the terminal velocity of all drops is 
approximately 8.2 m/sec, The value of 8.2 m/sec, 
the terminal velocity of large drops, does not hold 
inall cases. There isa slight decrease in terminal 
velocity of extremely large drops (9.5 mm diameter 
and above) and drops on the verge of breakup. As 
a small percentage of the drops observed were in 
the preceding category, a constant air stream veloc- 
ity of about 8.2 m/sec was used. 


The graph shown in Fig. 2 illustrates the rela- 
tionship between the size of water drops and the 
percentage which will break up in the air stream. 
Observations on over 100 drops were used to plot 
the curve; therefore, each point on the curve repre- 
sents the percentage break up of an average of 8 
drops within that particular region. 


It is apparent from the graph that water drops 
in anair stream of constant velocity are quite stable 
uptoa diameter of 7.7mm. At this point, the region 
of instability is reached. Drops will begin to break 
up and continue to do so in increasing percentages 


until diameters of approximately 9.5mm are 
reached. At this point, the drops are very unstable 
and cannot exist without breakup for more than a 
few seconds. One should not misinterpret the graph 
inbelieving that water drops above 9.2 mm diameter 
are unableto existat all. Drops of diameters from 
10 to 10.4 mm have been observed for four seconds 
before breakup. 


No definite correlation has been observed be- 
tween the time of drop breakup and drop diameter. 
In many cases a drop of about 8 mm diameter has 
had a shorter life than that of a 9 mm diameter 
drop. 


What is shown in Fig. 2 is that out of a large 
group of drops of a certain size, a certain percent- 
age will break up. As the drop diameters are in- 
creased, the percentage of drops breaking ina 
certain range, say 8 to 8.3 mm, will rise. An analogy 
can be found in the disintegration of atoms compos- 
ing aradioactive material. Here, as in the breakup 
of water drops of a certain size, the atoms are all 
alike, yet their individual breakupor disintegration 
times are unpredictable. Al that can be said is 
that a certain percentage will disintegrate within a 
definite period of time. 


D. Drops Subjectedto Sudden Change in Air Velocity 


Water dropsare extremely sensitive to changes 
in velocity of the supporting air stream. Medium 
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size drops may easily be caused to break up from 
a momentary interruption of the air stream. 


Figure 3 shows the relationship between drop 
size and percentage breakup. Again, as in Fig. 2, 
each pointrepresents an average of several obser- 
vations, In all cases, the drop breakup was caused 
by passing the hand rapidly through the air stream 
10 cm below the drop. This resulted in about a 0.1 
second cut off of air flow. The instant the hand 
passed through the stream, the shock effect of the 
resumed air flow on the drop produced the breakup. 


Drops below 4.6 mm indiameter have been found 
to be quite stable when subjected to shock as de- 
scribed above. Instability begins to set in at 4.6 
mm diameter and increases until at drop sizes of 
5.4 mm diameter, all drops subjected to shock will 
break up. The transition zone is extremely narrow. 
A difference of 0.8 mm in diameter may determine 
the stability or instability of a drop. 


It can be shown that a small change inthe diam- 
eter ofa drop hasa tremendous effect onthe sensi- 
tivity of a drop in regard to breakup. 


By referring to Fig. 3 one can see that at a certain 
diameter, a certain percentage of drops will break 
up within a reasonable amount of time. Now there 
is noreason to believe that drops of the same diam- 
eter are physically any different from one another. 
Therefore, if 10 per cent of the drops will break up 
at a diameter of 4.7 mm, one would expect the re- 
maining 90 per cent to break at later intervals of 
time. We thus obtain mathematically 


dN = -K Nat (1) 


where N isthe total number of drops observed. By 
setting up the integral and placing limits 


d 


where No is the number of drops at time O and N 
the number at time t. By evaluating the definite 
integral: f 


(2) 


zz 


m No 


N Kt. 


(3) 
Now by assuming a definite value of time for t, 
whether it be one minute or one hour, we obtain 
3 No 

K-2cln N' (4) 

This shows that the value of K will control the 
percentage breakup. Now Kis going to vary with 
changing air temperature, barometric pressure, 
drop diameter, etc., but by assuming a constant 


at an angle of 45° below the horizontal. This en- 
abled one to determine, to a better degree, whether 
rotation or oscillation was taking place. By ob- 
servingthe change in position of the major axis 
with respect to time in Fig. 4-C, the possibility of 
both rotation and oscillation taking place simul- 
taneously, is realized. 


The phenomena of the rotation of large water 
drops in an air stream can be seen not only from 
photographs, but by actual observation. Drops above 
9.5 mm in diameter often rotate at about 4 revolu- 
tions per second and thus are easily followed by 
eye. 


Fig. 4-D shows an 8.4 mm diameter drop taken 
with the stroboscope setting at 80 cycles/sec. Here 
again the photograph was taken at 45° below the 
horizontal. This picture clearly shows the major 
axis alternating between two positions 90° apart in 
the horizontal plane. Thus, the predominant mode 
of deformationin this caseis caused by oscillation. 


The photograph of Fig. 4-E is another which was 
taken at the 45° angle. The drop diameter is 6.8 
mm and the stroboscope settingwas 80 cycles/sec. 
It is difficult to analyze the photographs of small 
diameter drops, because the periodic deformation 
increases rapidly with decreasing drop size. Thus, 
in Fig. 4-E, only four successive images show the 
drop going through one cycle. Here, also, the major 
axis ineach image shows no rotation but lies either 
in the plane of the photograph or 90° to it. Periodic 
oscillations are evidently taking place. 


The photograph of Fig. 4-F is of a7.9 mm diam- 
eter drop taken at a 459 angle. The stroboscopic 
setting was 80 cycles/sec. The shifting of the major 


Fig. 4-F 


axis to positions 90° apart indicates that oscillations 
were taking place. 


The natural breakup of a drop in a constant veloc- 
ity air stream (discussed in sectionF) is shown in 
Fig. 5-A. The drop diameter was 9.4 mm and the 
time interval between images was 1/70 second. The 
formation of the narrow neck of water and its evolu- 
tion into three small droplets is clearly seen. The 
small droplets are around 1.2 mm diameter. Asa 
result of their much lower terminal velocity, they 
are carriedupwardíaster than the two larger drops. 


Fig. 5-B 


Figure 5-B shows another example of natural 
breakup. The drop diameter was 8.1 mm and the 
stroboscopic setting was 60 cycles/sec. The narrow 
neck of water is easily seen on the top five or six 
images. The characteristic small drops, which are 
formed as the neck is ruptured, are not seen. It is 
probable that the rupturing occurred sometime be- 
tween the top image and its adjacent image; there- 
fore, the small droplet was carried out of the field 
of the camera. 


Fig. 5-C 
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The photograph in Fig. 5-C is an example of 
drop breakup caused by a sudden change in velocity 
of the air stream. The drop diameter was 8.1 mm. 
The stroboscopic setting was 90 cycles/sec. Note- 
worthy in this photograph is the appearance of the 
drop in the top right image. At this point breakup 
was just about to occur. The narrow neck had formed 
and was ready to rupture. However, at that instant, 
the air stream was diverted and surface tension was 
able to draw the drop together. As the air stream 
was again allowed to strike the drop, the shock 
breakup occurred. 


The photograph of Fig. 5-D is another example 
of breakup by shock or sudden change in velocity of 
the air stream. The drop diameter was 8.6 mm; 
the stroboscopic setting was 90 cycles/sec. 


The drop is first Seen rising in the background 
of the photograph. As the air stream was suddenly 
diverted for about 0.1 second, the drop began to 
fallunder the influence of gravity. Atthis stage, 
the drop wasfalling ina manner which, as has been 
observed in other similar photographs, is charac- 
teristic of a drop under such conditions. The drop 
has rotated a few degrees on its horizontal axis 
and fallen laterally. When the resumed air stream 
again struck the drop, extreme flattening occurred. 
This caused a typical breakup, which resulted in 
30 or more drops of various sizes. The majority 
of fragments were small, 1 mm in diameter or 
thereabouts. 

It is interesting to note the type of oscillation 


which is occurring on some of. the drops resulting 
from the breakup. These drops are oscillating be- 
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tween an oblate and prolate form of a spheroid. As 
will be shown later in this section, this form of 
deformation is found only with the smaller drops. 


The analysis of all the photographs taken in the 
course of this work has furnished the data for the 
following topics; (1) the major and minor axes of 
oscillating drops and (2) the frequency of oscilla- 
tion as a function of drop diameter. 


(1) The Major and Minor Axes of Oscill 
Drops. It ís evident from examinationof the photo- 
graphs of Figs. 4 and 5 that the maximum and mini- 
mum dimensions of each drop will differ consider- 
ably fromthe diameter based on volume considera- 
tion. Furthermore, as each drop is undergoing a 


periodic deformation, these maximum and minimum 
dimensions will occur periodically. 


The graph of Fig. 6 shows the relationship of 
drop diameter with its maximum and minimum di- 
mensions, which were measured along the major 
and minor axes of the drops. The major and minor 
axes were both in the same horizontal plane and at 
right angles to each other. 


It is interesting to note that the drop diameter 
and the minor axis are nearly identical numerically. 
The major axis, however, increases rapidly with 
drop diameter. At drop diameters of 5 mm and 


lower, the ratio between the major and minor axis 
is close to 1, while at drop diameter approaching 
9 mm, the ratio is close to 2. Thus, it is evident 
that the deformationis much more pronounced with 
large drops. While a6 mm diameter drop may have 
a major axis of 7mm, a drop of 9 mm diameter 
will have a major axis of approximately 17 mm. 


(2) Oscillation Frequency asa Function of Drop 
Diameter. The periodic deformation, which takes 
place on water drops, will vary as a function of the 
drop diameter. The types of deformation, as dis- 


cussed earlier in this section, are oscillation and 
rotation. It was explained that the rotationaleffects 
Thus, 


are noticeable only on drops of extreme size. 
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in the region of drop diameters of 4 - 9 mm, de- 
formation is mainly caused by oscillation. 


However, from the analysis of photographs of 
drops of small diameter, it seems apparent that a 
third type of deformation cantake place. This con- 
sists of vibrations onthe vertical axis, which cause 
the drop to alternate between prolate and oblate 
spheroids. 


The graph of Fig. 7, showing the relationship of 
drop diameter with frequency of oscillation, was 
constructed with data obtained from photographs of 
drops of 5 mm to 9.4 mm diameter. 


It is interesting to note that at drop diameters 
around 5 mm, the oscillation frequency is about 44 
cycles/second, but falls off rapidly as the diameter 
is increased to 6.5 mm. At 6.5 mm diameter, the 
frequency is about 16 cycles/second. This value 
falls off slowly to around 7 cycles/second at 9 mm 
diameter. 


The dotted line was plotted from values obtained 
from a theoretical formula(3). 


F. Breakup Fragments of Individual Drops 


The type and number of particlesresulting from 
the breakup of a water drop apparently depends 
upon the following three factors. These are drop 
size, phase and type of drop deformation, and the 
degree of shockgiven the drop. In some cases, one 
factor will heavily outweigh the other in controlling 
drop breakup. ' 


Drop size alone will not control the method of 
breakup, but as the drop size determines the de- 
formation and deformation in turn determines the 
type of breakup, it is a combination of the two factors, 
which should be considered. Large drops, that is, 
drops 8 mm and above in diameter, in a constant 
velocity air stream exhibit very little of the ex- 
plosive-like tendency to fly apart into a dozen or 
more smaller dropsas is so commonly character- 
istic of drops subjected to shock breakup. 


Seventy-four drops, all between 8 mm and 9.5 
mm. diameter, were observed in the process of 
breaking up in a constant velocity air stream. Eighty- 
nine per cent of the drops split into two approxi- 
mately equal drops and a third smaller drop of about 


1 mm diameter. Ina few cases, two or more oi 
these small drops were seen; 8.3 per cent exhibited 
characteristics of shock breakup, that is, a dozen 
or more fragments of various sizes moving at high 
velocity away from thebreakup point. The remain- 
ing 2.7 per cent broke into three equal size drops 
with two small drops of less than 1 mm diameter. 
The latter case resembled the first, in that the action 
of breakup was smooth and non-violent. 


(3) Handbuch der Physik. Vol., VII, p. 367. 


The breakup of a drop intotwo equal size drops 
and a much smaller drop or drops is shown in Fig. 
5-A. The origin of the small drops is in the neck 
of water which exists between the two large drops 
just at the point of rupture. The ratio of the length 
of the neck to its diameter determines the number 
of smaller drops into which it will break. As can 
be seen from the experimental evidence, the number 
is usually one. The breakup of drops in this man- 
ner is very similar to the rupturing of a jet of water 
as it descends from a circular orifice. Some beau- 
tiful experiments which illustrate the formation of 
these small drops in a falling jet are described by 
Tyndall. 


If sudden velocity changes are applied to the air 
stream, a drop will break up into fragments which 
may number from 5to 20, depending upon the degree 
of shock. Regardless of the degree of shock, the 
resulting fragments will have an infinite variety in 
size. As a majority of these fragments are below 
3.5 mm diameter, their terminal velocity is lower 
than that of the original drop. Immediately after 
breakup, these fragments are travelling at velocities 
higher than their respective terminal velocities. 
Thus the upward force of the air stream is greater 
than the gravitational pull of each drop. It is un- 
doubtedly this unbalanced force which causes the 
fragments of breakup to move away from the point 
of breakup at such high velocities. 


G. Aerodynamic Effects as a Cause of Drop Colli- 
sion 


As a drop remains suspended in an air stream, 
unequal pressures may be found onits surface with 
the minimum on the top. Asa result, the upward 
velocity of the air in the wake of the drop is lower 
than the upward velocity of the supporting air stream. 
Thus, it would be expected that by introducing a 
drop into the wake of a drop of equal size that the 
upper drop would fall rapidly toward the lower drop. 
It seems Hkely that this mechanism plays an im- 
portant part in the collision build-up of rain drops 
in nature. The following experiment was carried 
out to determine the effectiveness of this mecha- 
nism. 


The velocity of the air stream was set at 8.3 
mm/sec; thus all drops released in the air stream 
would either rise slowly or eventually slide out. A 
drop was placed upon the center of the upper 14 by 
18 meshscreen. Secondary drops of small diameter 
werereleased atheights of 2.5, 5, and 7.5 cm above 
the lower drop. If the upper drops were of small 
diameter, no collisions were observed. Instead, 
these drops would rise rapidly. However, with 
larger diameter upper drops, their rise in the air 
stream wasless rapid. As a certaindiameter drop 
was reached, it would fall downward and collide 
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with the lower drop. All drops larger than this 
critical size would exhibit the same effect. This 
experiment was tried many times with different 
heights between the two drops. Each time, the di- 
ameter of the lower drop and minimum diameter 
of the upper drop necessary for collision was fe- 
corded. 


The graph of Fig. 8 shows the relationship be- 
tween the drop diameters necessary for collision 
by virtue of the aerodynamic effects. Curve A on 
the graph is for 2.5 cm separation between drops. 
For example, if a drop of 7 mm diameter is placed 
in the air stream, a drop placed 2.5 cm above it 
would have to be at least 3.5 mm diameter to fall 
towards it. All drops larger than 3.5 mm diameter 
would be equally as effective. All points to the 
right of the curves will satisfy the requirements 
for collision, while points to the left will not. The 
curves are then merely boundary lines between 


regions where drop collisions may occur and where 
they may not. 


As the distance between drops increases, the 
slope of the curve rises which indicates the sharp 
decrease of the aerodynamic effects with increasing 
distance. At a separation distance of 7.5 cm a drop 
must be about 7 mm in diameter to cause a drop 
above it to fall towards it. Even in this case, the 
upper drop would have to be of the order of 7 mm 
diameter to have any effect. 


One should not confuse thistype of collision with 
the type which takes place when a larger drop 
catches and collides with a lower velocity smaller 
drop. All drop collisions observed were due to the 
aerodynamic effects of one drop on the other. 


It was noticed that drops placed above others 
and several millimeters off the vertical still ex- 
hibited the above mentioned aerodynamic effects, 
but to a lesser degree. 


H. Drop Breakup by Collision Effects 


Itseems probable that animportant factor in the 
development of raindropsinnatureis related to the 
collisions between drops as they rise and fall in ever 
changing air currents, especially the development 
of chain reaction(4) as postulated by Langmuir. 


As has been explained, collisions may result from 
the overtaking of a larger drop upon smaller ones, 
or by the'attraction that may exist between drops 
by virtue of aerodynamic effects. 


Previously in this report it was pointed out that 
drops innon-turbulent air are unstable and will be- 
gin to break if they are over 8 mm in diameter. In 
turbulent air,this value is much lower. The turbu- 
lent or shock effect of the air which results in the 
lowering of the8 mm diameter value is not the only 
influencing factor. Shock produced by drop collision 
plays an important role. 


Lenard has concluded that drops above 5.5 mm 
in diameter cannot exist for more than a few sec- 
onds. A later investigator, Weisner(5), concluded 
that natural rain drops cannot have a diameter 
larger than 7.2 mm. Undoubtedly, the collision of 
drops in nature has kept the maximum drop sizes 
much lower than some values reported earlier in 
this paper for individual drops not subject to colli- 
sion. 


Drops ranging from 2 - 6.6 mm in diameter have 
been observed colliding with drops ranging from 
6 - 7mm in diameter. The resulting drops, which 
varied from 6.5 to 8.3 mm in diameter were rela- 
tively stable with the exception of the drops above 
7.5 mm in diameter. From the results of several 
observations, it has been found that it is very seldom 
that drops above 7.3 mm may be formed asa result 
of collisions. In some widely scattered cases, it 
has been noticed that the drops join at impact and 
almost instantaneously part againinto two original 
drops of about the original size. 


(4) Langmuir, I. Occasional Report No. I, PROJECT CIRRUS. 
(5) Moore. Descriptive Meteorology, 208, (1910). 
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A METHOD FOR OBTAINING A CONTINUOUS RECORD 
OF THE TYPE OF CLOUDS IN THE SKY DURING THE DAY 


by 


Raymond E. Falconer 


In December 1947, it was decided that it would 
be of interest to investigate the correlation that 
might exist between variations in sky brightness 
and the rate and type of snow falling. To do this, a 
photovoltaic cell (G. E. Type PV-1) connected to a 
photoelectric recorder was used to automatically 
record the variations in sky brightness. 


The photovoltaic, or light-sensitive, cell em- 
ployed (similar to those used in exposure meters) 
was mounted in the lower end of a piece of tubing 7 
inches long by 3 inches in diameter, thus limiting 
the ‘‘scope’’ of the cell toabout 15° of the sky. The 
tube was oriented sothat the cell was directed tothe 
north at about 15° from the zenith. The terminals 
of the cell were then merely connected to a photo- 
electric recorder having full-scale sensitivity of 
75 microamperes. 


Because of the high sensitivity of this recorder 
(on hand at the time), it was found that too much 
light was getting to the cell; and so two filters in 
the form of fine mesh wire discs painted a dull 
black were inserted in the tube in front of the cell 
tocut downthelight. This allowed maximum bright- 
ness conditions (high-current values) to remain 
within full-scale reading of the recording micro- 
ammeter. 


To keep snow from collecting on the cell, pro- 
vision was made for passing an air streamup through 
the tube. A flow of air was maintained duringtimes 
of precipitation or when the instrument was to be 
unattended for several days. This arrangement 
worked quite well, especially with snow and light 
rains. 


The original photovoltaic cellmounting is shown 
in Fig. 1A and 4B. 


First records from this sky brightness recorder 
indicated that although actual visibility during snow 
storms decreased, the sky brightness during most 
storms was near a maximum. This was in contrast 
to a much lower but steady value of brightness ob- 
tained on a clear, cloudless day. The presence of 
clouds and precipitation generally seemed to give 
brightness values greater than those observed on 
clear days, although it has since been found that 
there are exceptions, notably during the presence 
of dark cumulonimbus and thick nimbostratus. 


After watching the record traces for sometime, 
it soon became evident that the type of trace shown 
on the sky brightness record was a rather good in- 
dicator of the type of cloud cover prevailing during 
a day. There seemed to be atypical trace for each 
general cloud type. 


Fig. 2 shows actual daily traces of sky bright- 
ness recorded at the Research Laboratory in 
Schenectady. Chart speed was 2 inches per hour 
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and notations are from observations of sky condi- 
tions at that time. 


After studying records obtained over a period 
of several months, it is believed that the following 
description of typical traces will generally hold 
true. 


1. Normal or Clear Sky — A steady smooth trace 
increasing from zero current reading at sunrise, 
reaching a moderate value (about 1/4 full scale) 
during the day and returning again to zero at sun- 
down. 


2. Thin Cirrus — Small increases in brightness 
above normal with smooth deflection. 


3. Dense Cirrus — Smooth increase in current 
somewhat greater than for thin cirrus. 


4. Altostratus — Maximum brightness with only 
slight deflection from an average high-current value. 


9. Altocumulus - Maximum brightness with 
small to moderate deflection. 


6. Stratocumulus Overcast — An irregular trace 
mostly above normal but occasionally below if the 
cloud becomes very thick. The maximum value is 
usually about hàlf way between normal and the aver- 
age high altostratus value. Deflections are rather 
sharp and more definite compared to the cirrus 
densus condition. 


7. Fair Weather Cumulus — Sharp and frequent 
deflections above the normal current value depend- 
ing on the number of clouds passing over. 


8. Acombination of altostratus and/or altocumu- 
lus with lower stratocumulus will show an average 
high-current value with fairly sharp deflections 
toward normal. 


9. Cumulonimbus Clouds are very dark due to 
their great thickness. With such a cloud, the bright- 
ness indication will be down below normal reaching 
practically zero current indication with a really 
thick thunderstorm cloud. 


10. Nimbostratus Clouds are indicated by a more 
or less consistent average between zero and the 
normal clear sky condition. 


A cloud of uniform thickness will give a smooth 
trace with few or minor deflections while a broken 
cloud layer causes larger and sharper deflections 
from the normal condition. Scattered clouds will, 
of course, give fewer deflections than broken clouds. 
Fast moving, low cumulus or fractc cumulus will 
give the greatest frequency of deflections. 


In general, then, high thin clouds (Ci and Cs) 
give slight increases above the normal clear sky 
current values. As these clouds thicken somewhat 


PER CENT Of FULL-SCALE CURRENT READING AT ABOUT MOM NOON 


and lower to middle cloud levels (As and Ac), the 
light reading increases to maximum current values. 
Apparently, beyond a certain thickness, the reading 
goes down again from a maximum toward the nor- 
mal. As thick spots in the Ac-As deck appear or, 
as a lower deck of Sc may form under the middle 
cloud layer, deflections of reduced light value are 
more evident. As thelower and upper clouds merge 
to become an extremely thick cloud layer,the read- 
ing may gobelow the normal clear sky value. This 
is particularlytrue of the very thick cumulonimbus 
clouds which may cause the light value to drop 
practically to zero duringthe passage of athunder- 
storm, This sequence is shown graphically in Fig. 3. 


It has been noted during apparently clear sky 
conditions, whena smooth trace should be recorded, 
that, occasionally, small deflections occur. The 
deflections are usually not as great as those ob- 
served with cirrus clouds. At times, it has been 
felt that city smoke might cause the deflections but 
generally there is nothing visible in the sky to which 
they can be attributed. 


It is believed that invisible water vapor in the. 
atmosphere may be responsible for these deflections 
in many cases.* On one or two occasions, these 
small deflections appear to have been due to very 
thin cumulus fumulus clouds that were barely to be 
seeneven with careful observation. The occurrence 
of deflections seems to be greatest with high winds 
and turbulence aloft. It has also been noted, in 
comparing traces of two different clear days, that 
one trace may have a slightly higher value of cur- 
rent than the other. This perhaps indicates that 
there was a layeror layers of the atmosphere hav- 
ing higher water vapor content on one day than the 
next. 

Actual values of current in light units have not 


been used in these preliminary experiments since 
the interpretation of the trace, in general, depends 
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* See ‘‘Weather by Starlight" by Eric Sloane. Weatherwise, p. 32, April, 1948. 
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on relative, rather than actual, values of current. 
However, it will be desirable in the future to cali- 
brate the instrument on standard light units. 


There are likely to be different combinations of 
cloud types which will give the same value of bright- 
ness, thus making it difficult tointerpret the record 
in terms of the true sky condition. In such a case, 
intelligent consideration of the trace asawhole and 
a knowledge of the usual cloud sequences should 
make it possible to determine cloud conditions with 
reasonable accuracy. The factors which will tend 
to confuse the interpretations, of course, are varia- 
tions in the height of the cloud bases, the thickness 
of the cloud, and the particle size in the cloud. (In 
this regard, it would be desirable to correlate read- 
ings of the sky brightness meter and actual cloud 
heights as determined by a ceilometer or radar. 
Thelatter might also tell something about the cloud 
thickness and particle size.) In any event, after 
examining several months of records, it is believed 
that the sky brightness recorder as described above 
wil, in general, give a very good picture of the 
variations in cloud cover during the day. 


Such aninstrument should be useful in automatic 
weather stations to give some indication of sky con- 
ditions in remote locations. Present developments 
of remote unmanned stations do not transmit such 
information, although it would seem tobe important 
to have detailed cloud data if possible. 


Some automatic weather stations do transmit 
solar radiation intensity which might give similar 
indications to the instrument herein described if 
the radiation sensitive element did not scan" such 
alarge portion of the sky. In doing so, the effect 
of individual clouds is lost since the radiation from 
them is very small compared to the radiation from 
the whole sky. However, by confining the area of 
sky scanned to much smaller dimensions, say a 
section of sky 15° in diameter, the presence of in- 
dividual clouds in the field of scope will make large 
differences in the radiation or reflected light indi- 
cated by either type of recorder. 


For use in an automatic weather station, a method 
of storing up the cloud information and then trans- 
mitting it at intervals would be necessary. No at- 
tempt has been made to work out such a method 
here in this laboratory, but it is thought that infor- 
mation could be storedup on atape recorder during 
agiventime interval. Atthe times for transmission, 
the tape would be run so as torepeat in a matter of 
seconds what has been recorded in a matter of a 
few hours. 


Recently a modification has been made on the 
original photovoltaic cell assembly. Essentially, 
itis the same sort of construction, but a variable 
jris has been mounted in the tube in front of the 
cell, the angle of the tube has been lowered so that 


Fig. 4 


its long axis is oriented about 60° from vertical 
and directly north, and a mounting base has been 
added so that it can be easily screwed down to a 
platform or shelf. 


With this arrangement, shown in Fig. 1B and 4A, 
the scope of the cell is not directly overhead and 
thus does not represent cloud conditions right over 
the station but rather somewhat to the north. How- 
ever, it has been found in comparing both types of 
mountings that there is very little difference in the 
two traces other than a slight lag in peaks on the 
curve as a cloud passes. 


The advantage of using a cell mounted in this 
way is that it can be mounted out in the open with 
much less chance of the cell being effected by pre- 
cipitation. This eliminates the need for blowing 
compressed air up through the tube. There is also 
little chance for direct sunlight getting at the cell 
and with the variable iris, the amount of light can 
easily be adjusted to any desired microammeter 
scale reading. 


Two of the above units have been built. A sche- 
matic design of the arrangement is shown in Fig. 5. 


VARIABLE IRIS: 
PHOTOVOLTAIC CELL 


INPUT TO 
PHOTOELECTRIC RECORDER 


SIMPLE SCHEMATIC OF PHOTOVOLTAIC CELL AND RECORDER 


Fig. 5 


One is continuously in operation at the Research 
Laboratory in Schenectady, while the other is con- 
tinuously operating at the Mt. Washington Observa- 
tory, Gorham, New Hampshire. 


Owing to the very severe icing and snow conditions 
on Mt. Washington, the cell necessarily has to be 
located within the building, being directly behind a 
special heatedwindow pane. Records from this high 
altitude station (6288 feet) are essentially the same 
as at low land stations, except when there is a thin 
cloud capover the mountain or when thin clouds are 
just breaking over the summit. When this occurs, 
the light intensity increases greatly, the deflections 
reaching high-current peaks with each passing cloud. 
Attempts are being made to correlate variations in 
brightness during ‘‘in cloud" conditions with values 
of liquid water content and drop size measured in 
the cloud. . 


Foruse during the hours of darkness, a box con- 
taining a photovoltaic cellunit and a projector spot- 
light source has been set up on the railway trestle 
outside the observatory building. In this self-con- 
tained unit, the cell and light source are separated 
by a compartment within the box sothat the cell does 
not normally see the direct light from the source. 
In the presence of fog, however, light is reflected 
fromthe cloud droplets backto the cell. The amount 
of reflected light varies with the liquid water con- 


Research Laboratory 
Knolls I 
December 9, 1948 


114 


tent and dropsizes within the cloud. This installa- 
tion has only recently been completed so no com- 
parative data have been obtained. 


Another installation of a photovoltaic cell and 
recorder has been made in the B-17 probing plane 
used in seeding experiments on Project CIRRUS. 
The cell is mounted in a tube which is directed 
straight downward out of the bottom of the ship up 
near the nose. When the ship goes into a cloud, 
there is usually a very marked increase in current 
value. The reverse is true in coming out of the 
cloud. This should provide accurate means for 
correlating variations in temperature, humidity, 
etc., upon sudden entrance or exit from clouds. 
While the brightness might not always increase upon 
entering a cloud,it is felt that some abrupt change 
in thelighting will take place sothat the desired in- 
formation can be obtained. 


Considerable time and experimenting could be 
spent in more accurately correlating continuous 
records of light-current values with cloud types, 
heights, drop size, etc., but it is not within the scope 
of the present contract to do so. The information 
obtained and presented in this report has required 
no great amount of time other than routine daily 
checks on sky conditions and servicing of the re- 
corder. A more elaborate project might be worth- 
while. 


THE DETECTION OF 1CE NUCLEI IN THE FREE ATMOSPHERE* 


by 


Vincent J. Schaefer 
General Electric Research Laboratory 
Schenectady, New York 


There are few things related to weather which 
cause more difficulty inthe temperate zones of the 
earth than snow storms. This is particularly true 
as man depends more and more on mechanized 
equipment. The efficient operation of automobiles 
and airplanes is difficult when snow covers the 
roads or runways. 


During the winter of 1947-1948 a majority of 
the important snow storms occurring in the north- 
eastern United States arrived unannounced and ap- 
parently unexpected. Among the factors which 
probably play an important role in the initial develop- 
ment of such storms is the concentration of sub- 
limation nuclei in the atmosphere. 


It can be shown in a laboratory cold chamber(1) 
that a cloud of liquid water droplets may easily be 
cooled to a temperature of -389C. In the free at- 
mosphere, such supercooling has also been meas- 
ured by observers inthe polar regions, at mountain 
observatories, and in aircraft. 


The development of ice on aircraft in flights 
through supercooled clouds is often such a serious 
operational hazard that planes are grounded rather 
than risk flying through thick clouds at temperatures 
below freezing. At temperatures lower than -209C, 
the liquid water content of a cloud system is gener- 
ally so low that relatively little trouble occurs in 
the temperate zones of the earth even though light 
icing is commonly experienced. 


The frequent occurrence and the physical rea- 
sons for the formation of supercooled clouds in the 
atmosphere must be better understood to improve 
the predictions related to the persistence of icing 
clouds or the development of snow storms. Any 
supercooled cloud in the free atmosphere is a po- 
tential snow source, the lack of sufficient ice crys- 
tals forming in the cloud being one of the few factors 
which permits such an unstable condition to exist 
for more than a few minutes. 


During a recent study of certain physical proper- 
ties of the free atmosphere, several methods were 
developed to detect the presence of sublimation 
nuclei in the air. These methods may be used 
whether the air is saturated with moisture or not. 
These methods all take advantage of the inherent 
property of water to exist in a supercooled state. 
Three different techniques were found to be useful 
and will be briefly described in this paper. 


The Use of a Cold Chamber 


The mostuseful method employs a box insulated 
on the bottom and sides which may be cooled below 
ooc. 

While any of the ordinary methods for cooling 
the chamber may be used, such as a brine solution 
(one part NaCl to three parts chipped ice) or dry 
ice (solid carbon dioxide), the most convenient 
equipment consists of a small commercial home 
freezer of two or four cubic foot capacity, although 
a much smaller unit may be used in field tests. 
Whatever the cooling method used, it is desirable, 
if possible, to be able to lower the temperature to 
at least -200C. 


To permit easy observationof nuclei in the cold 
chamber, the walls and bottom should be painted 
black or lined with black velvet. If hung loosely on 
the walls, very little, if any, frost will form on a 
velvet liner. Excellent observation of the develop- 
ments which occur in the chamber may be obtained 
if it is illuminated with a powerful flashlight or 
similar light source. 


To make a count of nuclei, the following proce- 
dure is recommended. A sample of air is intro- 
duced intothe chamber. This may be accomplished 
with a blower or any similar method. A fog is then 
formed inthe chamber by permitting water to evap- 
orate from moistened paper, cloth, or other ab- 
sorbent material placed in the cold air of the 


* This paper has been submitted for publication to the Journal of the American Meteorological Society. It 
represents, in the main, the subject matter presented before the joint session of the American Meteoro- 
logical Society and the Institute of the Aeronautical Sciences held at the Hotel Astor, New York City, 


January 28, 1948. t 


(1) Schaefer, V.J. The Production of Ice Crystals ina Cloud of Supercooled Water Droplets. SCIENCE, 104, 
pp. 457-459, (November 15, 1946). 


Schaefer, V. J. The Production of Clouds Containing Supercooled Water Droplets or Ice Crystals under 
BULLETIN OF AMERICAN METEOROLOGICAL SOCIETY, 29, No. 4, pp. 


Laboratory Conditions, 
175-182, (April, 1948). 


chamber. After the cold air becomes saturated, a 
visible cloudforms consisting of tiny water droplets. 
These cool to the temperature of the surrounding 
air within a few seconds. 


If any active sublimation nuclei are present in 
this air sample, they immediately start growing at 
the expense of the supercooled water droplets since 
the vapor pressure of water is higher than ice at 
all temperatures below 09C. 


If this happens, the particle immediately becomes 
visible in the light beam among the supercooled 
water droplets. This occurs because the flat, angu- 
lar surfaces of the crystal gleam and twinkle -as 
light is specularly reflected from the prismatic 
faces of the crystal. 


If crystals appear in the light, their number may 
be estimated semi-quantitatively by counting the 
number visible in a given volume of the chamber. 
Thus, if the concentration is low, the number in the 
entire beam may be estimated; while if it is high, 
the number per cubic centimeter is noted. If the 
number is very low, the number of crystals seen 
during several minutes of observation is noted. 


It is desirable, if possible, to make successive 
determinations of the presence of active nuclei as 
the box is slowly cooled. In this way, the threshold 
temperature may be determined for sublimation 


nuclei of different types and degrees of effective- 
ness. 


Since the operation of an insulated cold chamber 
is practically unaffected by the temperature of the 
outside air, it is possible to detect potential sub- 
limation nuclei no matter what the temperature of 
the outside air may be. The cold air in the chamber 
is stabilized due to the strong inversion whichis an 
inherent property of such units as recommended. 
For this reason, it is possible to make the observa- 
tions without covering the top of the chamber. 


If ice crystals appear in the chamber, their 
crystal form may be determined (1) by direct ob- 
servationunder a microscope placed inthe chamber 
(2) by preparation of plastic replicas(2) (3) by per- 
mitting the crystals to fall into a supercooled soap 
film and watching the form of the crystal that grows 
and (4) by letting the crystals seed a thin film of a 
dilute, water-soluble plastic. The last two methods 
may be used independently whenever the temperature 
of the outdoor air is below freezing. 


Since January 1,1948, regular observations using 
the cold chamber method for detecting sublimation 
nuclei have been conducted at the Mt. Washington 
Observatory as part of the fundamental weather re- 
search studies under way by our research group in 
Project CIRRUS . At the present writing, a total of 


TABLE I 
VARIATION IN NUMBER OF SUBLIMATION NUCLEI 


AS A FUNCTION OF TEMPERATURE OF FREE AIR — 


(COLD CHAMBER METHOD) 
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(2) Schaefer, V. J. A Method for Making Snowflake Replicas. SCIENCE, 93, 239-240, (March, 1941). 


Schaefer, V. J. Use of Snowflake Replicas for Studying Winter Storms. 
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more than 1300 observations have been made at Films may be formed ona ring one to four inches 
three-hourly intervals. Table I presents a typical in diameter or bubbles may be produced. This latter 
sample of the variations which have been observed method affords interesting and, sometimes, spec- 
at different temperatures. The results listed rep- tacular results. For example, if a film is formed 
resent nearly all of the observations made at the on a three-inch ring and then suddenly moved up- 
air temperatures shown when the summit was free ward, a bubble six toten inches indiameter may be 
of clouds. When supercooled clouds cover the sum- formed. When the air temperature is about -80C 
mit of the mountain, the air often contains a con- (17.6°F) from one to ten ice crystals are often ob- 
centration of ice crystals as high as five per cubic served growing in the film. These crystals assume 
centimeter. This concentration is not high enough, four basic forms. They are (1) symmetrical hexa- 
however, to use up the supercooled water droplets gons (2) symmetrical crosses or x-shaped crystals 
in the air since orographic lifting condenses the (3) asymmetric 4-rayed crystals and (4) asymmetric 
water faster than the ice crystals can use it up. crystals having more than four rays. Table II and 
Many of these ice particles consist of rime frag- IH show typical observations made in the Mohawk 
ments broken off by the erosion of blowing snow. Valley near Schenectady. The variations observed 


suggest differences in concentration of active nuclei 

in the air coming into contact with the supercooled 

$ bubble. When ice crystals form in large free float- 

ducted before any significant conclusions may be "m 

drawn from these interesting observations. The ing supercooled bubbles, it is a common observation 
to see single crystals growingto a size greater than 


wide variations in number of sublimation nuclei 
r six inches. If the bubble breaks before it freezes 
observed at specific temperatures is of significance. solid, this large crystal fliitters down to the earth; 


It isthis type of variation which may account for the If no crystals form before the bubble breaks, no 
ae Ene Ane dL ag ot supercooled residueis visible except a faint mist of water drop- 
P F lets. If, however, a considerable number of crystals 

Plans call for a continuation of these observa- form, the number may be determined (if not more 
tions for at least another year at the Mt. Washington than about ten) by counting the individual fragments 
observatory. These will be supplemented by lowland which fall to earth when the bubble breaks. Figure 


More data of the kind shown in the table is needed 
anda considerable amount of study must be con- 


Observations near sea level at Schenectady. 1 shows an eight-inch diameter bubble in which 
crystals are growing. 
Use of Soap Films and Bubbles a& Nucle) Detectors Instead of using bubbles, it is alsouseful at times 
There are certain film forming solutions* which to form a film on a circular ring. Figure 2 shows 
may be easily supercooled. These may be used to such afilm which has been seeded bytiny snow par- 
detect ice crystal nuclei. ticles which have fallen from the sky. 
TABLE II 


EXTREMES IN NUMBER OF SUBLIMATION NUCLEI AS A FUNCTION OF 


AIR TEMPERATURE 
Temp(°C) | No. of Nuclei 
50 Hex. 


Comments 


Alt. st. clouds 
Supercooled fog in lowlands 


2/11/48 
2/24/48 


12/25/48 


Clear 


1/23/48 Stratus overcast 
1/22/48 Stratus overcast 
2/13/48 Cirrus haze 
1/25/48 “Frosty” air 
2/19/48 Cirrus haze 
2/15/48 0.8 St. cu. 
3/1/48 Cirrus haze 
2/24/48 Clear, 22° halo 
3/15/48 Cirrus haze 


* Circus Bubbles. Bombay Distributors, New York City. 
Aladdin Bubbles. Aladdin Sales Company, New York City. 
King Size Bubbles. Mecklenburg Specialties, Inc., Charlotte, North Carolina. 
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TABLE 


III 


VARIATION IN NUMBER OF ICE NUCLEI UNDER NEARLY 
ISOTHERMAL CONDITIONS 


2/11/48 
1/22/48 
1/23/48 
2/23/48 
2/13/48 
3/11/48 
2/22/48 
3/6/48 

3/13/48 
2/20/48 


When larger numbers of crystals develop in the 
bubble, a rough estimate of the number may be made 
by direct observation. This is most easily accom- 
plished duringthe day by forming the bubble so that 
it is viewed in the general direction of the sun. At 
night or with an overcast in the sky, a projection 
floodlight may be used. The best effects may be 
seen if the observer looks toward the light at an 
angle a few degrees from its direct beam. 


Careful study must be made toestablish the dif- 
ference betweenthe effects which may be produced 
by sublimation nuclei contacting the supercooled 
film from the surrounding air and the effects which 
develop from freezing nuclei contained within the 
bubble solution. The observations to date suggest 


Fig. ! 
* Kodapak cellulose acetate. 
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Temp(°C) | No. of Nuclei 
Hex. x 


Comments 
Alt. cumulus 


Hex. Thin cu. hum. 


Cu. humilus 


Hex. 


Hex. Scat. fr. cu., hazy 


Hex. Cirrus haze 


Hex. 0.8 st. cu. sun pillar 


Hex. Clear 


Hex. Cirrus haze 


Thin haze 


Hex. Clear 


that the symmetrical six- and four-rayed crystals 
and the asymmetric forms having five or nine rays 
are produced by active sublimation nuclei from the 


air. The crystal forms having curved rays which 
are suggestive of the fern-like forms of frost are 
believed to be caused by the presence of freezing 
nuclei in the bubble solution. 


An effect similar to that observed in the flat 
films andround bubbles maybe obtained by mount- 
ing a thin film of a plastic, suchas cellulose acetate* 
ona frame. This is then coated with a slightly 


Fig. 2 


viscous layer of polyvinyl alcohol dissolved in water. 
A three percent solution of this water soluble plastic 
works quite satisfactorily. The water in the solu- 
tion readily supercools. When contacted by an active 
ice nucleus, a large single crystal of ice grows 
rapidly from the point where it contacts the super- 
cooled plastic film. As the crystal grows, it drives 
much of the polyvinyl alcohol ahead of it. When 
more thanone crystal forms, this precipitated ma- 
terial is trappedat the interfaces between the crys- 
tals. The resulting structure, if kept in the cold 
chamber close *o the wall, will remainunaltered as 
the frozenwater slowly sublimes leaving a negative 
replica of polyvinyl alcohol. The residue thus forms 
a permanent record of the crystallization forms. 
Figure 3 shows several stages in the formation of 
such areplica. The successive pictures were taken 


119 


ten seconds apart, 3a showing a replica produced 
when only ten active nuclei contacted the super- 
cooled film, 3b showing the effect observed when 
many were present. 


Significance of Results 


It is believed that the methods described in this 
paper may provide data which eventually will serve 
to give a better understanding of the erratic occur- 
rence of supercooled clouds inthe free atmosphere. 
A considerable amount of data must be collected 
before definite correlations can be attempted to 
establish the relationships which probably exist be- 
tween the number of sublimation nuclei in the at- 
mosphere and the frequency of supercooled clouds 
or Snow. 


STUDIES OF THE EFFECTS PRODUCED 
BY DRY ICE SEEDING OF STRATUS CLOUDS 


Irving Langmuir 
General Electric Research Laboratory 
Schenectady, New York 


An Analysis of Flight No. 23, April 29, 1948 


In Flight No. 4 on April 7, 1947 (First Quarterly 
Report, Project CIRRUS, July 15, 1947, pages 9-11, 
15, and 27-30) dry ice was dropped on the top sur- 
face of a continuous stratus cloud deck at the rate 
of about one pound per milealongan L-shaped seed- 
ing line having a total length of about 14 miles. 
Within 45 minutes, anarea of about 50 square miles, 
still retainingthe shape of the L, was observed and 
was photographed from a plane about 8,000 feet 
above the top of the stratus clouds. Atthe time, the 
sun was only 109 - 150 above the western horizon 
and thus, because of the difference inthe directions 
of the sunlight scattered from the supercooled water 
droplets and from ice crystals, the seeded area 
sometimes appeared asa darkarea ona light back- 
ground and from other directions appearedas a light 
area on a dark background. 


Measurements of photographs showed that the 
width of the seeded patternincreased at the rate of 
5 or 6 miles per hour, that is, the velocity of propa- 
gation was about 2.7 miles per hour on each side of 
the original line of seeding. This spreading of the 
ice nucleiand larger ice crystals through a quiescent 
stratus cloud at the rate of about 1.2 meters per 
Second was presumably due to local convection and 
turbulence produced withinthe cloud layer near the 
edges of the seeded area because of the heat gen- 
erated by the transformation of the cloud from one 
consisting of supercooled water droplets to one con- 
taining small ice crystals. 


Flight No, 4 demonstrated that it was possible to 
remove the supercooling in about 50 square miles 
of stratus clouds having anaverage temperature of 
about -70C by using only 12 pounds of dry ice dis- 
tributed along a 14 mile line in a period of about 
six minutes, The snow crystals thus produced un- 
doubtedly settled out of the top of the cloud layer 
which was roughly 4,000 feet thick, but the total 
liquid water content of the cloud was so small that 
only an insignificant amount of snow was produced. 
In Flight No. 4 only one plane was involved and, be- 
cause of regulations, this plane could not fly down 
through the cloudlayer to observe what was occur- 
ring beneath the clouds. In future flights, it was 


hoped to have at least two planes and to get better 
photographic data of the rate of growth ofthe seeded 
area. 


Studies of this kind give fundamental data on the 
production of snow within supercooled clouds and 
the elimination of icing hazard in stratus clouds. 
It was consideredto be desirable to work with seeded 
areas of such sizethat they could be readily photo- 
graphed and analyzed. We have, therefore, up to 
the present avoided carrying on experiments with 
continuous seeding over areas as large as 100 or 
1,000 square miles, although it is with just such 
large areas that results of the greatest practical 
importance should be obtained. 


In winter there are often extensive layers of 
Stratus clouds of great thickness from which no snow 
falls, but which presumably might be made to yield 
snow or rain in substantial amounts if ice crystals 
could be generated near the top of the cloud. If the 
lower part of the cloud is warm, that is, if it has a 
temperature above 0°C, the melting snowflakes 
would presumably grow by accretionin accord with 
the Bergeron-Findeisen theory of precipitation. 
Small-scale experiments, such as that performed 
in Flight No. 4, would presumably give a valuable 
basis for planning for future research inthe control 
of precipitation from stratus and evenfrom cumulus 
clouds. 


Flight No. 23, 


It is the object of this reportto describe the re- 
sults obtained in Flight No, 23 made on April 29, 
1948. It was hoped to obtain information as to the 
rate of propagation of the ice crystal cloud and to 
attemptto correlate this rate withthe meteorological 
conditions which prevailed at the time. By several 
studies of this kind with clouds having different tem- 
peratures, thicknesses and stabilities, it should be 
possiole to get enough knowledge of the mechanisms 
involved to forecast with reasonable accuracy the 
results of seeding operations. 


This flight was arranged to be carried out over 
Cape Cod Bay about 50 miles southeast of Boston 
within range of the Weather Radar Research Project 
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inthe Department of Meteorology of Massachusetts 
Institute of Technology (Signal Corps Contract No. 
W-36-039-SC-32038). We hoped that by radar it 
might be possible to detect precipitation produced 
by seeding and that the positions of the planes could 
be checked. From these results, we could decide 
whether in future flights we should use radar and 
radio communication to control the flight fromthe 
ground. 


Two planes from Project CIRRUS atSchenectady 
took part in Flight No, 23, One was a B-17 G 43- 
37746 and the other a B-25 J 44-86893. The planes 
took off from Bedford Airport at about noon and the 
flight was completed about 3:00 p.m. (EST), when 
the planes started back to Schenectady. 


The B-25 carried out the seeding operations with 
dry ice, flew down through the seededarea, studied 
the precipitationseen below the clouds, and flew up 
through the hole produced by seeding. No photo- 
graphs weretaken from this plane, but some mete- 
orological data were obtained, especially air tem- 
peratures. 


The B-17 flew over the clouds in counter-clock- 
wise circles of large diameter (22 to 33 miles) so 
as to keep the seeded area approximately in the 
center of the circle. Sequences of two to three 
photographs were taken at intervals of one to two 
minutes while the plane was flying on a straight 
course. Then, in response to directions given by 
the photographer, the course was changed so that 
the photographer could keep the seeded area about 
abeam on the left side of the plane, During most of 
the flight, the plane was at an altitude of 13,000 
feet to 16,300 feet. 


A photopanel having a camera with 35 mm film 
which took a photograph about every 45 seconds of 
the instruments on the panel and an ML-313 were 
installedin the B-17. There were also push buttons 
arranged at several points on the plane so that the 
pilot, the photographer, or the meteorologist could 
operate the photopanel at the time oftaking a photo- 
graph or recording any observations. For example, 
when the plane was changing its altitude, readings 
of wet and dry bulb thermometers were taken at 
about every thousand-foot level during the ascent 
as well as the descent. The photopanel data thus 
included: 

1. Time -- hours, minutes, and seconds. 

2. Photopanel trame number. 

3. Rate of climb -- feet per minute. 

4. Indicated air speed -- miles per hour. 

5. Indicated altitude -- feet. 


6. True heading of the plane. 
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7. Turn and bank indicator. 


8. The panel indicator which showed whether 
that particular frame was taken in response to the 
“timer”, photographer on the left side of the ship, 
navigator, or meteorological instruments.  (In- 
dicated dry bulb, indicated wet bulb for the free air.) 


9. Panel temperature (used for making correc- 
tions of the instrument readings). 


Atthe time of Flight No. 23, there was a very ex- 
tensive area of smooth topped stratus clouds that 
extended from Boston out over Cape Cod Baya little 
beyond Cape Cod. East of Cape Cod over the Atlantic 
the sky was cloudless. Detailed consideration of the 
meteorological conditions will be contained in a 
later section of this report. The cloud base was at 
approximately 4,800 feet, and at thetime of the first 
seeding the top averaged about 8,100 feet. At the 
cloud base, the free air temperature corrected for 
dynamic heating was -2.80C, Below the cloud base 
down to the suriace of the sea, the lapse rate checked 
well with the dry adiabatic lapse rate. Just above 
the cloud top there was a temperature inversion of 
one or two degrees centigrade and between 9,000 
and 9,600 feet altitude, the temperature was con- 
stant at -11.209C, In the clear air above that, the 
lapse rate up to 16,000 feet was quite constant with 
the value of 2.280C per 1,000 feetas compared with 
the dry adiabatic lapse rate of 2.960C. 


Photographic Data - Data obtained during the 
flight consisted of 68 photographs which were taken 
between 1306 and 1446 EST. These were taken with 
a Speed Graphic camera on 4-inchx 5-inch negatives 
with a 5-inch focal length. From these pictures, 
enlargements were made with a two-fold enlarge- 
ment ratio giving 8-inch x 10-inch photographs 
corresponding to a focal length of 10 inches. It was 
desired to use these photographs for the measure- 
ment of vertical and horizontal angles. 


If the top of the stratus deck is flatandata con- 
stant known altitude and the horizon is clean cut, 
then, according to the methods described in the 
First Quarterly Report, it is possible by measure- 
ment of a single picture to determine the shape and 
size of the pattern outlining the seeded area. To 
locate these modified areas and detect horizontal 
and vertical movements, it is desirable to know ac- 
curately the position of the plane atall times and the 
direction of the camera axis at the time the photo- 
graphs are taken. If these dataare available, how- 
ever, it becomes possible to make an independent 
determination of the size and shape of the seeded 
area by comparing horizontalangles in two or more 
successive photographs without the use of vertical 
angles and without accurate knowledge of the posi- 
tion of the horizon line. This procedure is particu- 
larly useful when the top of thestratus cloud is not 


flat or where the cloud altitude changes with time, 
In this case, one determines horizontal distances 
and positions by photographic triangulation using as 
a base line the length and direction of the line con- 
necting consecutive air stations at which pictures 
are taken. The flight directions are obtained from 
the photopanel data and the lengths of the lines are 
calculated from the air speeds and the time intervals 
between the photographs. 


The Flight Path of the Plane - During the flight 


a few ''fixes" were obtainedby Loran and hy radio 
compass, and in a few cases, by rough observations 
of points on Cape Cod seenthrough holes inthe cloud. 
These data. however, were found to be rather un- 


reliable and the positions so determined were m- 
compatible to such a degreethat average errors of 
the order of several miles were evident. The pro- 
cedure adopted was to calculate che flight path ofthe 
plane with reference to a set of co-ordinates fixed 
with respect to the air through which the plane was 
flying at the altitude of the plane; that is, the flight 
path was determined by dead reckoning from the 
photopanel data including heading, time, andthe air 
speed but without allowing for wind drift. The air 
speed was, of course, corrected using the altimeter 
pressure, the air temperature from the meteor- 
ological data, and the instrumental errors. Figure 
1 gives the flight path calculatedinthis way between 
1252 and 1447 EST. The numbers placed along tne 
line in Fig.1are the running numbers of the photo- 
graphs. The scale giving distances in miles 1s 
placed at the lower part of the figure, and the di- 
rection in which each photograph was taken is in- 
dicated by the directional arrows, 


The method of constructing the flight path from 
the photopanel data will be described in more detail 
in a later sectionof this report. An examination of 
Fig. 1 will showthat after some original maneuvers 
for the purpose of getting into position, the B-17 
described a path consisting of a 3/4-circle about 
15 miles indiameter from which photos 1 to 5 were 
obtained. The first seeding was done about the time 
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that photo No. 2 was taken, The fact that the plane 
then described 2 3/4-circles having a common 
center (which was not far from the place at which 
photo No.2 was taken) proves that the photographer, 
who was directing the course of the plane, was ob- 
serving a definite point inthe cloud deck which was 
moving with respect to the ground at a rate about 
the same as that of the air through which the plane 
was flying. In our first analysis ofthese data, plots 
were made ofthe flight path of the plane with re- 
spect to the groundtaking into account the drift due 
to a wind velocity of about 30 miles per hour from 
300° true north. The flight path in that case re- 
sembled a cycloid rather than a series of circles 
because the plane was circling about a moving point. 


InFig.litwas seen that after 2 1/2 turns, roughly 
30 miles in diameter, the plane madea small loop, 
took photo No. 56, and then made 1 1/4 turns of an- 
other circle about 22 miles in diameter while photos 
No. 56 and 68 were taken. Again, itis significant 
that the path described isquite accurately a circle, 


As a matter of fact, the three large circles up to 
photo No. 55 represent circling about the first seeded 
area, while the small circle from photos No. 56 to 
68 represents the path flown while the second seeded 
area was being photographed. 


Seeding Operations During Flight No. 23 


Seeding No. 1 - This consisted of an L-shapea 
figure formingtwo sides of a square with two ''point 
drops'' at the fourth corner ofthe square, The seed- 
ing started at 13:07:30 0n the course of 2540, After 
flying onthis course ata true air speed of 187 miles 
per hour for 45 seconds (a distance of 2.1 miles), a 
sharp left turn was made so that within 30 seconds 
the course had changed 90° toa course of 1590 true 
north. The radius of the turn was 0.9 miles. The 
straight flight along the 1599 continued for 45 sec- 
onds (a distance of 2.1 miles). At this point, the 
dispensing of the dry ice, which had been going on 
at about two pounds per mile for a distance of 5.6 
miles along the seeding path, was stopped. Then a 
second 909 left turn was made in 30 seconds to a 
course of 740 and at about 20 seconds later, 1 1/2 
pounds of dry ice were dumpedat one point and about 
20 seconds later,a similar amount was dumped. The 
times of these ‘‘point drops" were not accurately 
recorded, 


The effects produced by the first seeding will be 
described in detail later but the photographs show 
the beginning of effects in about photo No. 8, and 
photographs of this area were taken regularly up to 
photo No. 55 at 1414 EST. 


Seeding No, 2 - At 1418the decision was made to 
seed a new area southwest of the original one using 
six ''point drops” along a straight line on a course 


of 2400 which would give a seeding line along the 
length of a bandof cloud stillremaining, The clouds 
near the original seeded area were gradually be- 
ginning to dissipate as they moved out to the sea 
past Cape Cod, but the six ‘‘point drops’’ were made 
over a stripofcloud about ten miles wide and twenty 
miles long, which was still unbroken. Unfortunately, 
the course flown by the seeding plane, instead of 
being 240°, was 2049, According to the records 
taken on the B-25 plane this second seeding started 
at 1426 ona heading of 2040 true north and was com- 
pleted at 1428 at the same heading. The six ''point 
drops” of 1 1/2 pound each were spaced about 20 
Seconds apart, corresponding to a distance of one 
mile since the air speed was 180 miles per hour. 


The Position of the Plane - During the time in 
which photographs were being takenit was planned, 
as far as possible, to fly the plane on a straight 
course at constant altitude so that two or more con- 
secutive pictures couldbe taken until the photogra- 
pher found that the seeded area was falling so far 
behind that it was obscured by the elevator surface. 
Then by interphone he notified the pilot that a lef 
turn should be made until such time as the photog- 
rapher found that the seeded area could be photo- 
graphed just back of the wing tip. At the beginning 
and end of each turn, the pilot caused a photopanel 
record to be made by pressinga button. During the 
turns a nearly constant rate ofturn was maintained, 
and an analysis of data shows that, in general, the 
radius of curvature during these turns was about 
four miles. 


A rather large scale plot was made from the air 
speed data, the time, and the heading of the plane as 
recorded bythe photopanel. All necessary correc- 
tions were applied tothe indicated air speed and the 
indicated heading. All the points shown by small 
circles on the track given in Fig. 1 show the posi- 
tions of the plane at which photopanel data were 
recorded. Table I gives photopanel data only for the 
air stations at which the photographs were taken. 


An analysis of the plot showed that the flight path 
could be broken down into straight sections, during 
which photographs were taken, and circular arcs in 
which the heading of the plane, 4, varied linearly with 
time. The length of the line S along these straight 
or curved sections of the flight path was obtained by 
multiplying the air speed by the time interval. In 
order to plot the flight path as shown in Fig. 1, it was 
found convenient to calculate the radius of curvature 
R of the curved flight sections. LetS be the dis- 
tance traversed by the plane during one section of the 
flight having a duration of t seconds. Then we have 

S - Vt. (1) 

Whenthe plane duringthetime t describes a cir- 
cular arc of length S, the radius of curvature is 
given by 


R - 8/8, (2) 


where 8 is the angle (in radians) through which the 
plane has turned in time t. 


The plotting of the points shown in Fig. 1 in small 
circles is done most conveniently by calculating the 
length ofthe chord C which corresponds to any given 
circular arc 8, The relation between C andR is 
given by 


C - 2R sin (8/2). (3) 


When the angle 6 is less than about 909, C may be 
calculated by a series expansion based on Eq. (3) 


S - C = (RG3/24) (1 - 82/80 +., .). (4) 


The whole flight path as shown in Fig. 1 can be con- 
structed graphically by laying out the straight lines 
corresponding to the straight parts ofthe flight path, 
each line having the direction 4 as given by the cor- 
rected photopanel data. For the circular arcs, the 
difference in the values of 4 between the beginning 
and end of the curvedarc gives 0 for use in Eq. (2) 
and (3). The length ofthe chord C isthen calculated 
by Eq. (3) or (4) andthe direction of this line is the 


arithmetical mean of the initial and the final value 
of 4 . It was found, however,to be more convenient 
to calculate the co-ordinates x and y ofthe succes- 
sive air stations by multiplying the length of the 
chord C by cos 4 or sin4to get the increments of x 
and y. 


All the points shown by small circles in Fig. 1 
were plotted from the corresponding value of x and 
y and were checked graphically by observing the 
lengths of the sections and the azimuths g ofthe 
straight sections and the chords. 


Table I gives the locations of the points at which 
photographs were taken. The table contains data 
for the time, the heading of the plane,g, the true air 
speed, the co-ordinates x and y from an arbitrary 
origin, and the azimuth of the camera axis. 


Analysis of the Photographic Data - In order to 


determine the position and the shape of the seeded 
area duringthe course of its development after seed- 
ing, it is important to know the direction e 1n which 
the photograph is taken, that is, the azimuth of the 
camera axis or the principal plane ofthe photograph. 
The tip of the left wing or the left elevator showed 
innearlyallthe photographs. Since the photographs 
were taken from a fixed position in the ship and the 
angle to the wing tip or the elevator tip was known 
with respect to the ship's head, it was possible to 
determine g c. 


An independent check of the correctness of these 
angles was obtained in an examination of the photo- 
graphs by picking out in pairs of consecutive photo- 
graphs two or more points that were seen in both. 
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Photo 
No. 


1 
2 
3 
4 
9 
6 
7 
8 


9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 


Time 
E. S. T. 


13 0632 
0733 
1145 
1342 
1523 
1604 
1645 
1727 
1814 
1905 
2021 
2121 
2222 
2317 
2448 

| 2544 
2645 
2733 
2818 
2935 


3035: 


3139 
3301 
3357 
3459 
3554 
3638 
3721 
3822 
3919 
4053 
4246 
4331 
4504 
4607 
4730 
4816 
4856 
4951 
5106 
5156 
5235 
5322 
5410 
5536 
5804 
14 0010 
0103 


Table I 


DATA FOR THE FLIGHT PATH 
Flight No. 23 


True True True 
Heading Airspeed Altitude 
q mi/hr + 1000 ft 
322 225 13.3 
292 220 13.3 
162 223 13.3 
136 229 13.3 
78 228 13.3 
52. 221 13.3 
52 226 13.3 
52 216 13.3 
14 199 13.3 
16 196 14.8 
10 205 14.8 
316 216 14.8 
314 221 14.8 
312 222 14.8 
268 224 14.8 
266 226 14.8 
230 223 14.8 
222 228 14.8 
224 229 14.8 
178 218 15.1 
182 203 15.1 
178 201 15.1 
136 223 16.1 
136 227 16.1 
108 226 16.1 
92 225 16.1 
96 228 16.1 
92 229 16.1 
62 227 16.1 
50 229 16.1 
20 230 16.1 
350 227 16.1 
350 227 16.1 
320 230 16.1 
320 230 16.1 
286 230 16.1 
286 231 16.1 
286 231 16.1 
258 235 16.1 
252 234 16.1 
228 235 16.1 
230 240 16.1 
200 235 16.1 
200 236 16.1 
168 234 16.1 
132 234 16.1 
102 232 16.1 
102 232 16.1 
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Co-ordinates 
(miles) 


x 


28.15 
24.95 
14.16 
18.49 
24.48 
26.68 
28.66 
30.74 
32.25 
33.01 
33.80 
32.84 
30.23 
27.73 
22.95 
19.46 
15.75 
13.65 
11.70 

9.54 

9,54 

9.54 
12.25 
14.66 
17,57 
20.98 
23.73 
26.45 
30.28 
33.14 
37.29 
38.93 
38.44 
36.12 
33.54 
28.88 
26.05 
23.58 
20.09 
15.30 
12.54 
10,62 

8.77 

7.70 

1.69 
11.47 
18.93 
22.26 


y 


46.08 
47.98 
42,56 
36.79 
34.97 
36.24 
37.79 
39.41 
41.73 
44.45 
48.50 
51.66 
54.22 
56.51 
59.16 
58.98 
58.35 
56.22 
54.13 
49.86 
46.22 
42.56 
38.79 
36.29 
33.71 
33.11 
32.92 
32.73 
32.90 
35.09 
39.31 
46.27 
49.07 
54.44 
57.51 
59.83 
60.64 
61.35 
61.71 
60.65 
58.98 
57.32 
94.86 
51.92 
46.36 
31.84 
34.98 
34.27 


Table I (Cont'd) 


DATA FOR THE FLIGHT PATH 
Flight No, 23 


Co-ordinates 


True True True (miles) True 
Photo Time Heading Airspeed Altitude Camera 
No. BaS E, «4 mi/hr + 1000 ft Axis 
49 14 0219 74 228 16.1 27.01 35.00 350 
50 0406 32 229 16.1 32.19 39.26 309 
51 0529 12 232 16.1 33.71 44.27 --- 
52 0730 338 230 16.1 32.37 51.54 289 
53 0929 310 231 16.1 27.04 56.89 251 
54 1049 280 232 16.1 22.60 59.32 209 
55 1411 220 235 16.1 10.71 56.09 183 
56 2444 284 224 16.1 12.03 48.57 119 
5" 2846 202 232 16.1 0.46 40.35 90 
58 3002 160 240 16.1 0.38 35.55 66 
59 3055 132 241 16.1 2.32 32.67 48 
60 3148 120 241 16.1 5.18 30.60 34 
61 3320 90 237 16.1 11.04 29.26 01 
62 3456 52 236 16.1 16.68 31.79 321 
63 3615 32 234 16.1 19.65 35.93 288 
64 3739 0 229 16.1 20.63 41.22 264 
65 3926 318 232 16.1 18.38 47.56 222 
66 4029 302 234 16.1 15.16 50.00 203 
67 4354 224 235 16.1 3.23 47.08 148 
68 4530 200 239 16.1 0.84 41,29 100 


By connecting these points in one photograph by 
straight lines and extending these to the horizon, the 
direction of the line could be calculated from the 
position of this horizon pointon the photograph. In 
spite of the fact that two consecutive photographs 
might be taken from points 2 or 3 miles apart, the 
directions of the points where these lines meet the 
horizon in successive pictures are identical since 
parallel horizontal lines on aphotograph converge 
towards a single point on the horizon. Actually 
to get high accuracy by this method, it was neces- 
sary toapply corrections because of the curvature of 
earth and the depression of the horizon. These 
methods will be described later. 


A comparison of these two methods indicated that, 
in general, the accuracy of the camera azimuth «p ç 
was such that the average error was about +2°. 
There were a few photographs taken in which neither 
the wing tip nor the elevator showed and it was, 
therefore, necessary to depend on the photographic 
method to determine ¢c, In flights made sub- 
sequently to Flight No. 23, a wire was stretched 
from the wing tipto the elevator which carried near 
its center aninsulator which showed inall the photo- 
graphs. From the known position of this insulator, 
it was then possible to determine $c. 


During the course of Flight No. 23 a series of 
sixty-eight photographs were taken from the photo 
plane. Only eight ofthese have been selected to il- 
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lustrate particular phases of the operation. 


Photo No. 1 (1-23-746) illustrates the stratus 
deck existing before the initial seeding run. 


Photo No. 2 (25-23-746) shows the L-shaped 
seeded area 27.5 minutes after seeding and also the 
location of the spot drop beyond. 


Photo No. 3 (27-23-746) shows the modified re- 
gion after 29,1 minutes at which time the spot drop 
is difficult to see. 


Photo No. 4 (46-23-746) shows the area 50.5 
minutes after seeding with a considerable depres- 
sion visible. 


Photo No. 5 (57-23-746) was taken just as the 
seeding plane was finishing its runduring which six 
**point drops” of 11/2 pounds were made at one mile 
intervals. On the original photo, the seeding plane 
may be seen asindicatedby the circle, and the third 
modified area is already 0.33 milesindiameter 113 
seconds after seeding. 


Photo No. 6 (59-23-746) shows the six areas 
4.3 minutes after completing the seeding run. At 
this point the second area, indicated by the arrow, 
has grown to a diameter of 0,40 miles, 


Photo No. 7 (65-23-746) shows the six areas as 
ellipsoids approximately one mile in diameter 12.5 


PHOTOGRAPH NO. 5 


PHOTOGRAPH NO. 1 


PHOTOGRAPH NO, 4 


minutes after seeding. A careful analysis shows that 
they are nearly exact circles. 


Photo No. 8 (68-23-746) shows the last photo 
taken after 19.5 minutes at which time most of the 
supercooled clouds had dissipated leaving the six 
circular clouds of ice crystals as persistent snow 
areas, This isanexcellent example of overseeding. 


General Effects Produced by Seeding 


The observers on the B-17 plane noticed the ef- 
fects within less than 5 minutes after seeding, but 
the effects are only clearly recognizable in the 
photographs beginning with photo No. 13. The dis- 
tance and position of the seeded area with respect 
to the sun in these tirst photographs were sucn that 
the contrast was not sufficiently good for reproduc- 
tion in this report. The originalphotographs, how- 
ever, beginning with photo No. 12, show the seeded 
area unmistakably, and it is even possibleto go back 
and detect the early effects of the seeding beginning 
in photo No. 6 taken about 9 minutes after seeding. 
The plane was at a distance of about 10 miles. By 
photo No. 16, however, the L-shaped pattern was 
clearly recognized, and it could be seen that the 


width of the seeded area had already increased to 
morethanone mile, Theíar edge ofthe seeded area 
appeared in some places as a very sharp line il- 
luminated by the sun indicating that the top of the 
seeded area had subsided to a depth of about 400 
feet, Another portion of the L (the northeast leg) 
showed a type of cumulus development indicating 
that some snow crystals had been carried upward to 
a height of about 500 feet above the original height 
of the stratus deckso as to hide the far edge of the 
seeded area. In photo No. 18 boththe near edge and 
the far edgeare clean cut and definite along most of 
the length. The ''point drop’’ is also separately 
recognizable. In photo No. 19the subsidence of the 
topmost surface of the seeded area has progressed 
further. The widthof the NE legof the L was about 
two miles. In photo No. 21 the whole L is becoming 
much more distinct, and the top surface now appears 
quite uniform about 600 feet below the origina! level 
without any appreciable indication of snow having 
been carried aloft. Photo No. 22 shows a further 
development of the same type. In photo No. 23 the 
width of the Latthe bendis about 3.7 miles, and the 
diameter of the ‘‘point drop" is 1.5 miles. 


Photos Nos. 24 to 27 show an apparently dark 
area developing just to the west of the bend of the 
L just outside of the rather sharp boundary of the 
seeded area. Gradually this seems to move into the 
seeded area or the boundary extends out past the dark 
area. It is believed that the dark appearance is 
caused by the thinness of the cloud at this point so 
that much light, instead of being reflected back into 
the sky, is transmitted down to the surface of the 
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sea, The width of the seeded area along its whole 
length gradually increased, but the inner edge of the 
bend appears to rise along the original level with 
some cumulus activity coming from below. The 
outer edge of the seeded area, however, near the 
edge of the bend appears to be depressed and thin. 


Photos Nos. 28, 29, 30, and 31show somewhat less 
contrast andare not suitable for reproduction. Dur- 
ing this time the southern leg of the L gradually 
seems to merge with the “point drop’’ so that the 
whole pattern takes the form pf a large U, However, 
later,beginning with photo No. 33,the southern part 
of this pattern seems to become rather indefinite, 
and the pattern becomes again more like an L; but 
the angle at the bend is then greater than 909. The 
seeded area, at all times, retains its individuality 
andremains separate from other areas inthe stratus 
clouds which were gradually dissipating. The north- 
ern leg of the L shows a considerable cumulus de- 
velopment from photo No. 30 on to No. 34 with clouds 
that finally rose to nearly 1,000 feet above the origi- 
nal stratus deck. Beginning with photo No, 34, the 
edge of the L, especially at the northern end, be- 
comes very clear cut and dark edges form to make 


it look as through the cloud in some places had 
wholly cleared away but with snow falling from the 
edge. Photo No. 36 shows that the seeded area has 
a total length of 9.5 miles and a maximum width of 
5.2 miles. In photos Nos.36 to 39 the whole seeded 
area appears dark in color with complete break- 
through inabout 20 percent of the area, but new and 
presumably supercooled cloud layers are slowly 
forming across a part of the seeded area. These, 
however, are relatively thin and are, in general; 
considerably lower in elevation than the top of the 
undisturbed stratus. Photos No. 41 to 46 show a 
gradual increase in thearea from which the clouds 
have been removed, Photo No. 46 shows this very 
clearly. The total area within the seeded area 
whichis now devoid of clouds covers about 30 square 
miles. It is seen particularly well from this photo- 
graph that out over the sea at a distance of about 
35 milesthere are no clouds. A long strip of cloud 
running approximately north to northeast at a mini- 
mum distance of about 25 miles from the photo 
station is seen in photo No. 46. In the north, there 
is a partly cloudy area to withina distance of about 
17 miles. The seeded region is now an elongated 
area only slightly resembling an L having a total 
length of about 10 miles and a maximum width of 
about 7 miles. Photos Nos. 47 to 51 have been 
analyzed in great detail. About 20 to 30 points that 
are identifiable in the upper suríace of the clouds 
have been used to determine horizontal and vertical 
angles, and the comparison of horizontal angles in 
successive photographs has been usedto determine 
the shape and size of the seeded area. Then by 
measuring the verticalangles below the horizon, the 


altitudes of the cloud topand the various cloud for- 
mations within the seeded area have been deter- 
mined. Photo No. 57 was taken just after the com- 
pletion of the second seeding in whichthe B-25 flew 
on a course of 2040 and made six ''point drops" 
about a mile apart along a straight line. An ex- 
amination of the photographs shows very clearly 
four ‘‘point drops” andit shows the B-25 (about 0.3 
millimeters in size on an 8-inch x 10-inch photo- 
graph) just in front of the nearer of the two cumulus 
clouds that lie at the right hand side of the photo- 
graph. From the known speed of the plane, it is 
possible to calculate the exact time of seeding andthe 
time that has lapsed between the first four ''point 
drops" andthetime at which photo No. 57 was taken. 


end on and now the circuiar form of the separate 
seeded areas is very apparent and the diameter can 
be measured accurately, It has been found that the 
diameter of the second seeded area was 1.04 miles 
and the others lie very close to the same value. A 
reference to Table II shows that the age of the spot 
at this time is 775 seconds, thus indicating that the 
diameter increased at the average rate of 4.8 miles 
per hour during these first 13 minutes. In photo 
No. 66 the line of the six seeded spots is seen al- 
most end on, but there is poor contrast. The seeded 
areas appear as six circular areas which have al- 
ready begun to overlap so that the circles are now 
considerably over a mile in diameter. The seeded 
areas are very close tothe edge ofthe stratus clouds. 


Point Drop Diameter Age Rate of increase in 
Number Time (miles) (sec) Diameter (miles per hour) 
1 14:26:10 0.32 156 sec 7.4 
2 14:26:31 ---- 135 sec --- 
3 14:26:53 0.33 113 sec 10.6 
4 14:27:08 0.27 98 sec 9.9 


It is remarkable that within two minutes each 
seeded area appears as a circle of diameter 0.3 
miles, having increased in diameter at a rate of 
nearly 10 miles an hour. In the photograph, the 
seeded area appears asa line rather than as a cir- 
cle, Calculations show, however, that at a distance 
of 6.6 miles, the seeded area should appear as an 
ellipse of high eccentricity not appreciably different 
from that shown in the photographs. 


In successive photographs, the diameters of the 
circles increase regularly although as the plane cir- 
cles the seeded areas, the line of seeding is some- 
times seen end on and sometimes from the side. In 
photo No. 59, all six of the points are clearly rec- 
ognizable, and we can see that they are now definitely 
ellipsoidal in shape and that they are increasing 
rapidly in size. 


In the next photograph, No. 60, the azimuth of the 
picture is 349 sothat theline is seen nearly end on. 
The contrast, however,is rather poor and not good 
for reproduction. It should be notedin photo No. 58 
that the darkarea at theupper leftnear the point at 
which the six point seeding commenced, there is a 
large area nearly free from clouds. This is the 
southern end of the original seeded area, seeded 
43 minutes previously. This can also be recognized 
in all succeeding photographs up to photo No. 62. 
An analysis of photo No. 61 shows that the width of 
the seeded area is now about 8 miles, but the north- 
ern end has merged into the dissipating cloud areas 
that lieto the NE. The six seeded points are recog- 
nizable in photos Nos. 61 to 63, but the contrast is 
very poor sothat they cannot be reproduced. In 
photo No. 65,however,theline is again seen nearly 


The lasttwo pictures, Photos. Nos.67 and 68, show 
the line of six seeded areas running across the 
picture nearly at the edge ofthe clear sky. They 
appear in the photographs as cigar-shaped clouds, 
but they are probably truly circular lenticular 
clouds. They havea very differenttexture from the 
unseeded clouds, appearing slightly darker in color 
and seeming to persist although all the rest of the 
clouds around them are dissipating. This is pre- 
sumably due to the fact that ice crystals have a 


lower vapor pressure than supercooled water drop- 
lets so that when the cloud dissipates, the ice crys- 
tals persistlonger than the cloud of water droplets. 


Effects Produced on the Temperature and Turbu- 
lence within a Stratus Cloud by Seeding 


Wet and dry bulb free air temperature readings 
were taken on the B-17 plane while climbing to 
16,200 feet and again when descending. The dry 
bulb temperatures were corrected for the effect 
of dynamic heating by subtracting from the observed 
reading 0,850 multiplied by the square of true air 
speed in hundreds of miles per hour. The water 
vapor pressure was calculated from the difference 
between the indicated dry and wet bulb temperatures 
and the ambient pressure at that altitude (not the 
stagnation pressure). From this vapor pressure, 
the mixing ratio x was calculated. 


The results showed that from the ground level 
up to the base of the cloud at 4,800 feet the lapse 
rate was constant and equal to the dry adiabatic 
lapse rate of 3.00C per thousand feet. In these cal- 
culations, the relation between the altitude and the 
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pressure was determined by integration taking into 
account the temperatures as they varied with alti- 
tude. The mixing ratio x between 980 feet and 
3,900 feet was constant at 3.0: 0.05 gper Kg of dry 
air, indicatingthat vertical convection was probably 
occurring or at least that there was neutral stability. 
The free air temperature at the cloud base, 4,800 
feet, was -2,80C and the pressure was 836 mb, 
Calculations show, however, that if the mixing 
ratiothroughoutthe air mass were constant at 3.00, 
the cloud base, accordingto Weather Bureau charts, 
should be at 785 mb and at atemperature of -7.00C 
corresponding to 6,520 feet altitude. If this mixing 
ratio continued up to the top of the cloud at 8,100 
feet where the pressure was 737 mb, the water vapor 
content (x) at the top of the cloud would be 2.4 so 
that the liquid water content would be 0.6 g/Kg. 


A=C(1+B)/(1+ A/T), 
where C is the dry adiabatic lapse rate; 


(5) 


C = 0,986 x 1074 0C/em (6) 
or 
C = 3,009C per 1000 foot rise; (7) 
B = 9.059 Le/T(T - e) (8) 
and 


A = 2.574 (L/T)p/(p - e). (9) 


In these equations, L is the latent heat of evapora- 
tion of the water or ice,and e is the corresponding 
vapor pressure for saturated water or ice. For 
water, we put Ly, = 608andforsnowor ice Lg = 678, 
We thus have for supercooled water, 


Table II 


Before Seeding 


After Seeding 


Mixing Liquid 


Ratio 
Altitude Pressure Temp x 
feet mb oC  Kg/m3 
4710 839 -2.5 3.70 
4800 836 -2.8 3.70 
5800 807 -4,8 3.28 
6800 777 -6.86 2,91 
7800 746 -8.97 2.58 
8100 737 -9.63 2.48 
Averages -6.05 


On the other hand, at the base of the cloud, 4,800 
feet, theair was saturated and, therefore, must have 
had a mixing ratio of 3.70 g/Kg. Table II contains 
data for the temperature distribution and the liquid 
water content within the cloud on the assumption 
that the cloud originally contained supercooled water 
droplets and that the total water content, vapor and 
liquid, x + y was constant at a value 3.70 g/Kg. It 
is also assumed that the temperature distribution 
corresponds to the saturated adiabatic for liquid 
water. It is desired to then calculate the changes 
in temperature that would result when this cloud is 
seeded withdry ice. When these enormous numbers 
of ice nuclei are produced, the water droplets evapo- 
rate giving vapor which condenses on the ice nuclei 
and the temperature of the cloud rises because of 
Íreezing of the water, and tne increase in the snow 
content above that of the original water because of 
the vapor pressure ofthe ice is less than that of the 
water. Equations have been derived for calculating 
the saturated adiabatic lapse rate for a cloud con- 
taining supercooled water and for one containing ice 
crystals. The lapse ratea is given by 


Water Snow 
Content Temp Content 
g/ m3 oc AT g/m3 
0 -2.5 +40 0 
0 -2.64 +0.16 0.04 
0.44 -4.51 0.29 0.50 
0.80 -6.38 0.48 0.86 
1.00 -8.36 0.61 1.18 
1.19 -8.96 0.67 1.26 
0.63 -6.45 0.40 0.69 
By = 5509 e,,/T(p - ey) (10) 
and 
Aw = 8.62 x 109 e /T%(p-2e,) (11) 
and for snow 
Bg = 6142 e,/T(p - es) (12) 
As = 1.072 x 107e, /T2(p - 2eg), (13) 


The lapse rates for the 1000-foot intervals center- 
ing about 5,30U feet, 6,300 feet, and 7,300 feet were 
calculated from these equations with the results 
given in Table III. From the data ‘of the second 
column of Table III, the temperature changes per 
thousand feet were calculated giving the results 
shown in column 3 of Table II. 


In the B-17 one measurement was taken oí the 
temperature within the cloud. At 7,630 feet with a 
pressure of 750 mb, the dry bulb temperature was 
-7.20C. If we apply the usual correctionfor dyanmic 
heating, the temperature should be -9.9°C whereas 
according to Table III, it should have been -8.629C. 
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Table III 


LAPSE RATES FOR THE STRATUS CLOUD, FLIGHT 23 


Saturated Adiabatic Lapse Rates 


Altitude in OC per 1000 feet 
Water Snow 
5,900 2.00 1.84 
6,300 2.06 1.93 
7,300 2.11 2.00 
The discrepancy of about 1.30 is undoubtedly due to 13:20 The seeded area was very apparent. 
artial neutralization of the dynamic heating by th 
patas ee o a eee ae SER DE Dy 5^ — 19:28 The plane descended through the seeded area 


cooling effect of the liquid water. The temperature 
of -9.99C atthat altitude would obviously be impos- 
sible for it would correspond to a highly super- 
adiabatic lapse rate. 


Table II also gives the mixing ratio calculated 
from the ey, and p. Multiplying this by the density, 
which ranges from 1.078 Kg/m? at 4,800 feet to 
0.975 Kg/m? at 8,100 feet, we obtain the liquid water 
content in column 5 expressed in g/m3. The average 
liquid water content within the cloud thus comes out 
to be 0.63 g/m3. 


An equation has beenobtained (whose derivation 
will be presented ina later report) by which the rise 
intemperature, A1 , produced by seeding can be cal- 
culated. The equation is 


AT =[533. yip -2e) + D)/[p - 20) +E) (14 
Here AT is in °C, y in grams of liquid water per 
gram of dry air,and p ande arein mb. The quanti- 
ties D and E are given by 


= -16.95 t1(1 - 0.0067t1)-es1 (15) 


and 
E = 144.2 (1 - 0.0073 ty) eg1, (16) 
where tj is the initial temperature in °C atany point 
before seeding and ts; isthe vapor pressure of ice 
at that temperature. 
Using this equation, the temperature rises pro- 
duced by seeding are given incolumn 7 of Table II. 
The finaltemperature,tg,is givenin column 6. The 


last column shows the snow content in g/m3. It is 
seen thatit is greater than the water content before 


seeding. 


Observations from the B-25 Plane 


The followingis a log of operations following the 
completion of seeding. 


13:11 The B-25 circled over the seeded area to 
observe the effects which were produced. 


13:18 Theseededarea was first noticed at this time. 
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to  followingthe same path as originally seeded 
13:32 with headings of 2790 and 1069 and noted that 
the base of the cloud was at 4,700 feet. 


Precipitation was seen falling from the 
seeded area. 


13:35 


It was noted that precipitation was in the 
form of light snow. As seen from below small 
holes appeared within the seeded area. 


13:36 


13:38 The precipitation area was very pronounced 
at this time and it had descended to an alti- 


tude of 3,000 feet. 


13:41 While descending from 2,900 feet to 2,600 
to feet, turbulence was noted although previ- 
13:43 ously there had been no turbulence. 


13:51 Flew at an altitude of 2,500 feet directly 
through the precipitation area, which was ap- 
parently caused by the seeding. The visibil- 
ity in this cloud was lessthan 1/8 mile. The 
precipitation was falling inthe form of rather 
large snowflakes. 


At an altitude of 2,600 feet. 


Altitude 1,800 feet. The precipitation was 
still descending and reached this altitude. 
The plane gradually descended keeping pace 
with the bottom of the precipitation. 


Altitude 1,500 feet. 
Altitude 1,200 feet. 


It was noted that the precipitation was dis- 
sipating, probably melting and evaporating. 


13:53 
13:54 


13:56 
13:58 
13:59 


14:06 The plane climbed upto the hole andreached 
the top ofthe seeded area at 14:18. This was 


the time that photos No. 52 and 55 were taken. 


14:26 


An analysis of these data show that snow was 
falling at the rate ofabout 50 to 60 centimeters per 
second. Within 20 minutes after seeding at 8,100 


Seeding No. 2 was made. 


feet snow had already fallen to the 2,000 foot level, 
and in 20 minutes more the lower part of the pre- 
cipitation had reached the 1,200 foot level at the 
rate of about 90 cm per second, assuming that the 
precipitation started from the base of the cloud at 
4,800 feet. However, much of the precipitation 
started ata higher level which corresponds to speeds 
greater than this. No observations have been made 
of how long the precipitation lastedafter 13:59 when 
it was observed that the precipitation at 1,200 feet 
was dissipating. Presumably, precipitation at a 
higher level was continuing from the edges of the 
seededarea. This atleast was what we had observed 
in the flight of March 7, 1947 when a seeded area 
passed over Schenectady. 


From the observation that the mixing ratios for 
water vapor in the air below the clouds are practi- 
cally constant at 3,0 Kg/m? and the fact that the 
free air temperature corresponds withthe dry adia- 
batic lapse rate, we can calculate the relative hu- 
midity and the wet bulb temperatures at each alti- 
tude. Snowflakes which fall from clouds into rela- 
tively dry air below cannot begin to melt until they 
reach a place where the wet bulb temperature is 
above freezing. According to these calculations, 
this altitude is 3,200 feet. The snowflakes would 
naturally fall several hundred feet below this level 
before showing any appreciable melting. This 
agrees well with the observation. The visibility is 
only 1/8 mile at 2,600 feet where presumably the 
visibility was a minimum, and at 1,200 feet the pre- 
cipitation had dissipated. 


We have estimated that theaverage liquid water 
content in the cloud was about 0.7 g/m? andthat the 
thickness was about 1,000 meters. Thus ii all the 
liquid water in the cloud was precipitated without 
loss to the ground, it would give 700 g/m? or a 
depth of 0.07 cm of water or roughly 0.7 cm of snow. 
In December 1946, in analyzing the flight data in 
which Dr.Schaefer seeded his first cloud on Novem- 
ber 13, 1946, atheory was developedíor the rate of 
growth of snowflakes after ice nucleiare introduced 
intoa cloud of supercooled water droplets. The rate 
of growth of the snow crystals under these conditions 
can be calculated by the equation 


r? - 2 MD(p,, - P,)t/oRT. (177) 
In this equation, M is the molecular weight of water 
(18), D is the diffusion coefficient of water vapor in 
air, py is the saturated vapor pressure of water, 

Pg is the saturated vapor pressure for snow or ice, 
tis the time in seconds, is the effective density 
ofthe snowflake, T isthe absolute temperature, and 
R is the gas constant 8.37 x 107 ergs per degree. 
This equation is derived for the case of a sphere. 
It can be applied to the growth of a snowflake by 
choosing appropriate values of radius r and the 


density . Schaefer has foundthat at temperatures 
of -5 to -100C, such as prevailed in Flight 23, the 
primary crystals that form at the introduction of ice 
nuclei produced by dry ice arein the form of small 
hexagonal plates having a thickness about 1/10 of the 
maximum diameter. We may, therefore, let r in 
Eq. 1" be the diameter ofthe hexagonal plate, and 
we canchoose the density p by assuming it to be that 
of a sphere which has a total surface equal to that 
of the hexagonal plate. If we take the thickness of 
the snow crystals 1/10 of its diameter, we find that 
the valueof is 0.27 g/cm?. It is evident from Eq. 
17 that the diameter of the primary snowflake in- 
creases in proportionto the square root ofthe time. 
Table IV enables us to see how the rate of growth 
depends on the temperature. 


Table IV 


THE RATE OF GROWTH OF SNOW CRYSTALS 
IN AIR SATURATED WITH RESPECT TO WATER 


Temperature Diameter after 1 sec 
0o 0 
-5°C 1.35 x 1073 em 
-10°C 1.55 
-159C 1.50 
-200C 1.40 
-300C 1.07 
-400C 0.75 


To determine the size of the crystalat any other 
time, one simply multiplies the values given in the 
second column of Table IV bythe square root of the 
time in seconds, 


While the snowflake grows in size, it falls at an 
increasing speed. When the particles are small 
during the first five minutes of their growth, their 
velocity of fall is given by Stokes’ Law. We may 
again use the equation for spheres and take the ef- 
fective density to be 0.27 for hexagonal plates hav- 
ing a thickness 1/10 of their diameter. The velocity 
of fall thus becomes 


v=3.7x 109 r2, (18) 


where r is in centimeters and v is in centimeters 
per second, By combining this with Eq. 17, we find 
that the velocity increases in proportion to time or, 
in other words, they move with uniform accelera- 
tion. If weusethe data in Table IV 1or the tempera- 
ture range from -5 to - 109C, wethus find approxi- 
mately that the distance which the growing snow- 
flakes fall with time is 

x - 0.05 t2, 


with the distance measured in centimeters. 


These calculations show that primary hexagonal 
snowflakes which fall at a rate of 60 centimeters 


(19) 
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per second would have a diameter of 0,06 cm, would 
have a thickness of 0,006 cm, and would weigh 
25x 10-8g. According to Eq. 17, it would take about 
10 minutes for the crystals to grow to this size. 

From the weight of these flakes, we may then 
estimate the number of flakes that would have to fall 
per em? to give the total precipitation of 0.07 cm 
depth of precipitation at the base of the cloud. We 
find in this way thatthere willbe about 3,000 snow- 
flakes per square centimeter, and if we assume that 
the whole cloud covered 45 square miles about 25 
minutes after seeding, it would mean that about 
3x 1015 snowflakes fell from the cloud. Let us 
suppose that if crystals fall in any one place, they 
form a column 1,000 feet high which is the thick- 
ness of the cloud, Then we find that the average 
concentration of the snowflakes is 0.03 flakes per 
cm3, so that the snowflakes were on an average of 
about 3 centimeters apart while falling through the 
air. On this basis, we can estimate the visibility. 
The area of the hexagonal face of each snowflake 
would be about 0.003 ecm, or since the snowflakes 
are in more or less random directions, the effect 
of a light beam that can be intercepted can be taken 
to be about 0.002 cm, With a concentration of 0.003 
flakes per cm?, we thus findthatthe amount of light 
intercepted is 6 x 10-5 per cm. The reciprocal of 
this, or 170 meters, gives the effective free path of 
the light rays inreasonableagreement with the ob- 
servation that the visibility was 1/8 mile (200 
meters). 

. Jt is alsointerestingto know whether snowflakes 
of this character would collide with one another and 
form clusters as they fall onto the ground. The ef- 
fect can be estimatedroughly by assuming that half 
the snowflakes are falling with a velocity of 40 
meters per second while the other half fallat 70 
meters per second. We find thenthat the change of 
any particular snowflake colliding with another is 
0,005, and during this time, it travels an average 
distance of 60 centimeters. Thus we see that on 
average, one of these primary snowflakes will fall 
only about 120 meters before it collides with another 
one. At the height of 2,600 feet we will, therefore, 
have most of the flakes scattered in clusters, It is 
a common observation that the clustering of small 
snowflakes has almost no effect on the velocity of 
fall,and we see small clusters,large clusters, and 
hexagonal flakes falling side by side at a velocity of 
150 centimeters per second. 

It thus seems that the seeding experiments of 
Flight23 precipitatedall of the condensed moisture 
from anarea ofroughly 50 square miles in the form 
offallingsnow. Evenifall the snow had fallen to the 
ground without melting or evaporating,it would not 
have given more than 5 to 7 millimeters depth of 
snow. Actually, however, the humidity below the 
cloud was far toolow to permitany snow or rain to 
reach the ground. 
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It has been mentionedbefore that in planning these 
seeding tests, we have deliberately chosen to work 
with relatively thin clouds and smallarea seedings. 
From such experiments, however, we can draw very 
definite conclusions as to what would have happened if 
a similar seeding run hadbeen made at the top of a 
stratus cloud 3,000 or 4,000 meters thick. Since the 
liquid water content of most stratus clouds is nearly 
zero at the base and often increases toa maximum 
at the top, the total precipitable water is roughly in 
proportion to the square of the thickness. In sucha 
case, the seeding, like that of Flight 23 which gave 
3 x 1015 snowflakes, could have givena precipitation 
of, say, five millimeters; and over an area of 50 
square miles (1.3 x 1012cm2), the weight of rainfall 
produced would have been of the order of 108 tons. 


The data from Flight 23 may also be used to 
estimate effects that might be expected by the seed- 
ing of very large cumulus clouds. Consider, for ex- 
ample, a cloud which gives a total rainfall of one 
inch of water within half an hour. If the raindrops 
are of the diameter of 4 millimeters, each drop will 
weigh about 0.003 g, and it will only take about 85 
rain drops per square centimeter to give this rain, 
whereas in Flight 23 there were about 3,000 snow 
crystals per cm2. Consider, also,a large cumulus 
cloud in which the active part covers an area about 
20 square miles and the cloud topis 25,000 feet high 
and the base is at5,000 feet. Withthe dry adiabatic 
lapse rate below the cloud, the temperature would 
be 30°C at sea level, 16°C at thecloudbase, 0°C at 
15,000 feet, and -20°C at the top of thecloud, The 
liquid water content would increase from zero at 
the base to 3g/m® at 10,000 feet, 5.2at 15,000 feet, 
and 6.2 at 25,000 feet, the average liquid water con- 
tent being 4.3. The total precipitable water would 
then be 2,6 centimeters. Of course, these figures 
may be reduced by the effect of entrainment of drier 
air into the cloud, On the other hand, in extensive 
cloud systems such effects are often not important. 
The number of icenuclei which were actually found 
and introduced into stratus clouds in Flight 23 would 
appear to give snowflakes in the freezing level which 
could, inaccord with the Bergeron-Findeisen theory, 
give heayy rain on the ground even without any in- 
crease in the number of nuclei originally present, 


There is conclusive evidence tnat in naturally oc- 
curring storms a smallnumber of nuclei originally 
present can produce snowflakes which by various 
processes can then be multiplied, probably by frag- 
mentation. Such effects should occur under favorable 
conditions with clouds which have been seeded. It 
is very important to conduct experiments so as to 
realize these conditions of self-propagating snow or 
rain storms. It has been pointed out elsewhere* 
that the snow crystals falling below the freezing 


leveland melting can, inthe Case of a thick cumulus 
cloud with high internal vertical velocities, set up 
a chain reaction causing heavy rain to form from 
relatively few nuclei at the top. Seeding with dry 
ice, however, which produces enormous numbers of 
such nucleicouldspeed upthe beginning of such re- 
actions and, therefore, should sometimes give rain 
of exceeding severity. I believe such storms would 
be produced in tropical areas andmore will be re- 
ported about these at a later time. 


The Propagation of Ice Nucleiin Stratus Clouds and 


the Effect of Stability in Cloud Layers 

In Table III it has been shownthat in Flight 23 the 
seeding producedan increase intemperature at the 
base of the cloud of 0.19C and 0.60C at the top. If 
the seeding is done along a single line, and the dry 
ice pellets fall through the whole cloud layer, the 
seeding actually takes place over a vertical plane 
surface which is, at first, of very limited thickness. 
The dry ice pellets do not fall strictly vertically 
but move laterally, probably to several meters, be- 
cause ofthe irregular shapes ofthe falling particles. 
Itis very important to study the mechanism by which 
these nuclei may be carried out as much as three 
miles from the original line of seeding within one 
hour in a cloud that has no appreciable internal tur- 
bulence. The spreading is, of course, produced by 
new turbulence set up due to the local temperature 
rise in the seeded portion of the cloud. 


Consider, for example, a vertical sheet of cloud 
having a thickness B but extending vertically through 
the whole height of the cloud and horizontally with 
the plane of seeding. If we had only to consider 
a volume of air having a temperature AT above 
its surroundings, we would find that the wirm 
air would rise and mix with the surrounding air and 
the temperature wouldthus be lowered. In the case 
of a seeded cloud, however, the conditions are 
very different. The number of nuclei is almost in- 
exhaustible, and thus as the warmed part of the 
cloud which contains ice crystals and nuclei mixes 
with the supercooled cloud surrounding it, the tem- 
perature of the whole mass that isinvolved rises and 
stays at the temperature, OT, above the surrounding 
cloud. Thus as the seeded layer gets thicker, the 
forces capable of producing and maintaining turbu- 
lence increase in magnitude. 


If we consider a sheet of cloud filled with ice 
nuclei where the temperature is AT, this parcel of 
air would seem to have a vertical acceleration equal 
to gAT/AT/T. This accelerationsets up velocities 
which increase with time, but frictional losses are 
also beginning to increase so that finally the velocity 
reaches a limiting value. 


* I. Langmuir. 


Ina largeair mass,oncea parcelofair is heated 
ittends to rise, but its movement involves the neigh- 
boring air masses, Thusthe acceleration of the air 
and the terminal velocity are not as high as they 
would be if these surrounding air masses did not 
exist. These effects can be taken roughly into ac- 
count by dividing the acceleration by 2. We can 
thus calculate the order of magnitude of the veloci- 
ties of seeded clouds by the followingtwo equations: 


v = (1/2) g(AT/T)t (20) 
and 
v \e(Ar/T)s. (21) 


The first equation gives the increase in velocity 
during the period of acceleration, and the second 
equation gives the limit of terminal velocity after a 
circulation has been set. Witha thinsheet of seeded 
cloud of thickness B, we may put S = 2B, for the 
vertical currents that are set up rise up to a dis- 
tance of only twice the thickness ofthe layer before 
turbulence mixes them with surrounding air. The 
result is that the thickness ofthe layer, B, increases 
in proportion to the square root of time roughly 
according to the following equation. 


B = (1/8)gt?(AT/T). (22) 


Taking this change in thickness into account, one 
can then calculate that the velocity of the updraft of 
the seeded sheet is 


v = (1/2)gt(AT/T). (23) 


With the rise of temperature of only 0.59, it can be 
calculated that within three minutes, terminal ve- 
locities of 1.5 meters can be set up in the seeded 
area and that the thickness by that time will have 
reached about 100 meters, The above calculations 
are, of course, based on the assumption that there 
is no inherent stability within the cloud, that is, be- 
fore the seeding the lapse rate corresponds to the 
saturated moist adiabatic. 


It is evident that when the thickness B of the 
seeded layer becomes half the thickness ofthe cloud, 
Sc, the foregoing equations no longer apply. You 
can, however,use Equation 21, replacing S with 
Sc. Ifweuse the data of Flight 23 using S. = 10° em, 
putting AT as 0. 40° , the average temperature rise 
produced by seeding, we find that the terminal ve- 
locity of the vertical currents would be about 4 
meters per second or about9 miles per hour. This 
vertical velocity would occur, of course, in a region 
a few hundred meters thick near the edge of the 
seeded pattern. Within the interior of the pattern, 
temperature is uniform and vertical currents 


f Occasional Report No. 1, page 26. 


“The Production of Rain by a Chain Reaction in Cumulus Clouds at Temperatures Above 


Freezing," Occasional Report Number 1, Contract No, W-36-039-SC -32427, (15 April 1948). 
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would die out. These vertical updrafts from the 
inside of the pattern near this boundary will carry 
the ice nuclei upwards and spreadthem out over the 
surrounding area, The fact that the horizontal prop- 
agation velocities of about 1.5 meters per second are 
Observed is not surprising. 


Let us consider what would happen ifthe air mass 
8, is stable, that is, it has atemperature lapse rate 
Aless thanA, which we take to be the saturated 
adiabatic lapse rate. Under these conditions, it is 
easy toseethatatemperaturerise,AT,at any given 
place in the cloud will cause that air parcelto rise 
only to a height S above its original position given 
by 


S- AT/(Ao ~A (24) 


Since according to Eq. 21, the velocity v varies only 
in proportion to the square root of 8, we still have 
considerable vertical velocities at the boundary of 
the seeded area even though there is very marked 
stability. Under the conditions of Flight 23, it was 
seen that the saturated adiabatic lapse rate of a 
cloud layer would be 2.00C per 1,000 feet, which 
corresponds to Ao = 0.67 x 1074 deg/cm. If now we 
assume that the lapse rate in the cloud is only half 
as great, viz., 1.0°C per 1,000 feet or 4. - 0.33 x 10-4 
&s in the above case, then v-1,5 meters per second 
instead of 4.0 meters per second. So, eveninthese 
Stable clouds there could still be a reason- 
able rate of propagation, As each parcel of air 
containing ice nuclei rises to a new level, it 
spreads out to that level coming into contact with 
the seeded cloud and causes a rise in temperature 
inthe new parcelsotha: again we havé a new propa- 
gation in a higher layer, 

Ifthere is already turbulence within the cloud, 
then it would appear that the effects of seeding may 
propagate much morerapidly. Inlarge cold cumulus 
clouds, for example, the effects may be expected to 
propagate very rapidly throughout the cloud. 


The Effects of Overseeding 

In the foregoing analysis of Flight No. 23, the 
rate of growth ofsnowflakes as given, for example, 
in Table IV has been calculated on the assumption 
that the snow nuclei are so far separated that each 
is surrounded by water vapor saturated with respect 
to water. Ifa limited volume of cloud is seeded 
with relatively large amounts of dry ice, enormous 
numbers of minute ice nuclei are formed, the water 
drops evaporate, and cause these minute nucleito 
grow. However,there is not enough water vapor to 
allow them all to grow to very large size. The 
original cloud may have had, for example, 200 to 
500 water droplets per cm?, whereasthe number of 
new ice crystals formed may be 10 or 100 times 
greater. If there are too many, the smaller ones 
will evaporate to give vapor which condenses on 
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the larger ones. Inany case, the number of ice 
crystals will be larger than the number of water 
droplets originally present, Such anice cloud may 
be more stable than one which grew from a cloud 
of liquid water drops and the velocity of fall of the 
particles may remain negligible, Along the lines of 
seeding, an L shaped pattern, therefrequently re- 
mains a cloudy area which persists long after the 
surrounding clouds have dissipated. An excellent 
example of such an effect is seen in photos Nos, 67 
and 68 where the six ice crystal clouds have per- 
sisted long after most of the other clouds have dis- 
appeared, 

In the seeding of small cumulus clouds, one 
usually finds just tnis effect --the seeding produces 
no visible snow fall, and no one but a skilled ob- 
server detects the change from a supercooled cloud 
to one consisting of ice crystals. Itis only by look- 
ing for halos and brightness at different angles that 
one sees the ice in the cloud, 

in the case ofan unbroken deck of stratus clouds, 
however, the seeded area is always surrounded by 
one in which there are no ice crystals. In this re- 
gion of low concentration of ice cyrstals, snowflakes 
grow rapidly so that as they accumulate, they fall 
out of the cloud. It is, therefore, near the edges of 
the seeded area that one finds the broken edges. 
The seeded area frequently remains filled with ice 
crystals which cut down the visibility, 


It is planned in future flights to study the seed- 
ing of stratus clouds with particular emphasis on 
the production of large cleared areas suitable for 
landing of aircraft. We, therefore, plan to fly a 
flight pattern as follows: Fly the plane first ina 


direction approximating that of the wind movement 
about 100 tothe left of the wind. Fly a straight line 
for about 20 miles seeding at the rate of about one 
pound per mile, Then make a sharp left turn for a 
radius of one mile, continuing seeding. After turn- 
ing through an angle of 1550, straighten out, cross 
the original seeded line, and on the new course fly 
20 miles while continuing seeding. We thus have a 
seeded pattern which consists of a huge V with an 
ellipse on the upwind vertex and with two huge arms 
20 miles long. On the inside of the V near the apex 
and in the ellipse, the effects of overseeding will be 
apparent, but as the effects propagate from both 
seeded lines towards the axis ofsymmetry, the con- 
centration of ice nuclei decreases and, therefore, 
the size of snowflakes increases in size and a long 
clear line shouldbe left alongthis axis which is free 
even from snowflakes. I believe that experiments 
conducted in this way will be particularly valuable 
in studying the feasibility of clearing large areas for 
use of aircraft. 


Under favorable conditions, the converging 
seeded areas near the axis may give self-propagating 
effects which we desire to know more about. 
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